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ABSTRACT THE INFLUENCE OF HIGH CARBOHYDRATE DIETS ON 
RUNNING PERFORMANCE IN MAN. 
The aIm of the stud,es reported In thIS thesIs was to examIne the 
Influence of hIgh carbohydrate (CHO) dIets on endurance runnIng, 
whIlst also consIdering the physiologIcal factors which influence 
ind,v,dual endurance performance. 
Although considerable eVIdence eXIsts to show that endurance 
capacIty on a bIcycle ergometer can be extended by the consumptIon of 
high CHO dIets prior to exercIse, there IS only l,m,ted evidence to 
suggest that endurance runnIng capacity is extended In a sImIlar way. 
Moreover, there is even less informatIon avaIlable on the effect of 
high CHO d,ets on endurance raCIng performance. SInce races Involve 
the completIon of a set distance in as fast a time as possIble, It IS 
the rate, rather than the duratIon of energy expendIture wh,ch is all 
Important. 
For the purpose of the fIrst study reported In thIS thesiS, 
subjects were requIred to undertake two runs to exhaust,on at speeds 
eqUIvalent to 701. V02 max, three days apart. DurIng the InterIm three 
day perIod, one group of subjects consumed a prescnbed normal dIet, 
whilst the other two groups consumed prescrIbed dIets WhICh were high 
In CHO. Of these two groups, one consumed a dIet hIgh In complex CHO 
and demonstrated increases in endurance capacity of 25.81. (p<O.Ol). 
The second group consumed confectIonery products as hIgh CHO 
supplements to theIr normal dIets, and Increased theIr endurance 
capacItIes by 22.81. (p<O.Ol). EVIdence of a greater relIance on CHO 
metabolIsm after the CHO dIets was provIded by the sIgnIfIcantly 
hIgher respIratory exchange ratIOS for both the groups throughout the 
runs (p<O.05). Not only do these results show that endurance runnIng 
capacIty IS extended by the consumptIon of hIgh CHO dIets; they also 
hIghlight the importance of dietary CHO In aIdIng the recovery of the 
funct,onal capacIty of the ,nd,VIdual after prolonged exerCIse. 
To assess the influence of hIgh CHO dIets on endurance racing 
performance, two groups of subjects performed two 30km tIme trIals, 
seven days apart. DUrIng the seven day recovery perIod, one group 
consumed prescrIbed normal dIets, WhIlst the other consumed a 
prescribed hIgh CHO dIet, based on supplements In the form of 
confectIonery products. FollOWIng the CHO dIet, the performance tImes 
for thi s group Improved by 1. 91., which was not found to be 
statIstIcally SIgnIfIcant, desplte the fact that elght out of the nIne 
subjects were able to better their run tImes. Most of these 
Improvements were due to the ablllty of the subjects to malntaln 
faster running speeds over the last 5km of the race (218.3 m.min- 1 vs 
206.5 m.mln- 1 , p<O.OOl). Thus lmprovements In 30km performance tImes 
after consumIng CHO, as opposed to normal dIets, were much less than 
the Improvements found In endurance capaCIty. After consuming the CHO 
dIet, SIgnIficantly higher respIratory exchange ratlos were found 
throughout the 30km, along wlth signIficantly higher blood glucose 
concentrations for the last 10km of the dlstance. 
ExamInation of the InitIal runs at 701. V02 max (,e after all 
subjects had consumed normal dIets) revealed conSIderable varlatlon in 
the endurance capaCItIes of dIfferent lndivlduals. However none of the 
phYSIologIcal factors measured, IncludIng V02 max, was found to 
predlct endurance capacity. In addltlon, no slgnlflcant dIfferences 
were found in the endurance capacities of the male and female 
subjects. V02 max was, however, found to be related to 30km 
performance time (r=-0.750, p<O.Ol). 
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CHAPTER 1 
1.1 INTRODUCTION 
During exercise the body obtaIns Its fuel from two main sources: 
fat and carbohydrate (CHO). Carbohydrate can provide energy at a 
faster rate than fat, so it tends to be the body's preferred fuel 
source for all but the lIghtest forms of exerCIse. However the body's 
stores of CHO are lImited, and can only provIde enough energy for 
moderate exercise of approxImately two hours duratIon. Carbohydrate IS 
stored in the lIver and skeletal muscle In the form of glycogen. The 
depletion of these CHO stores demands that the body obtains ItS energy 
from elsewhere, namely from fat. SInce fat cannot cover the energy 
needs of working muscle at the same rate as CHO, the Intensity of 
exerCIse has to decrease, eventually resultIng in fatIgue and a 
complete cessatIon of exercise. 
The depletIon of muscle glycogen stores is a problem experIenced by 
all sportsmen engaged in endurance actIvities. Thus In order to 
enhance performance by delaYIng the onset of fatIgue, It is important 
that muscle glycogen stores are Increased to as hIgh a level as 
possIble before the start of exerCIse. 
The importance of hIgh CHO dIets In aIding endurance performance 
was fIrst proposed by Christensen and Hansen (1939; cIted by Astrand 
and Rodahl, 1977), who found that the tIme taken to reach exhaustIon 
on a bIcycle ergometer was longer after the consumption of a dIet rich 
In CHO. Following the development of the needle bIopsy technique In 
the 1960's, consIderable eVIdence was presented to show that high CHO 
dIets do produce an Increase In muscle glycogen stores. Furthermore, 
it was shown that If a regime consIstIng of exhaustIve exercIse and 
low CHO diets (to deplete glycogen stores) was then followed by rest 
and a high CHO dIet, muscle glycogen levels could be obtained which 
were well in excess of normal values (Bergstrom and Hultman, 1966; 
Ahlborg, Bergstrom, Brohult, Ekelung, Hultman and Maschio, 1967). 
Endurance running has experIenced a large Increase In popularity 
durIng recent years. This has been associated wIth an IncreasIng 
desire for ways of understanding and ImprovIng performance. Training 
IS one of the most obvious and Important determInants of successful 
runnIng performance, although it should be recognIsed that training 
alone will not succeed in producIng an InternatIonal athlete from a 
1 
runner who 1S not endowed w1th the necessary phYS1010gical attr1butes. 
Furthermore, many runners have reached levels of f1tness where the 
benef1ts to be gained from 1ncreas1ng tra1n1ng are very small. Thus 
many athletes have sought methods other than tra1n1ng Wh1Ch can be 
used to 1mprove performance. One of these has been the use of pre-race 
diet and exerC1se regimes, based on the scient1fic evidence previously 
described. 
Thus the pre-race dietary manipulat10ns currently followed by many 
athletes 1nvolve exerC1se to deplete muscle glycogen stores, followed 
by the consumption of d1ets h1gh in fat and prote1n for two to three 
days, Wh1Ch 1S 1n turn followed by a three day period consum1ng a d1et 
high in CHO. Whilst th1S procedure has been shown to 1ncrease muscle 
glycogen concentrat10ns and enhance endurance performance dur1ng cycle 
ergometry, there have been some reports to suggest that the low CHO 
phase may not be necessary (Sherman, 1983). 
Furthermore, most of the available sC1entif1c eV1dence focusses on 
the influence of CHO diets on cycling, rather than running. 
Surprisingly, there is very llttle evidence to ind1cate that d1etary 
man1pulation allows athletes to run faster, as well as longer; most of 
the research has only shown that endurance exerC1se at a constant 
1ntens1ty can be extended. 
Thus th1S theSIS has two ma1n themes. The first is an exam1nat10n 
of the use of high CHO d1ets 1n influenc1ng endurance runn1ng. The 
second is an investigation into the phYS1010g1cal character1st1cs of 
an ,nd,vidual which 1nfluence and determine endurance ab1l1ty, as well 
as the responses of these characterist1cs to prolonged exercise. 
2 
1.2 ORGANISATION OF THE THESIS. 
This thesis lS a report of two maln experlmental studles. 
Study 1 
This study has been dlvlded into two sections. The first section 
examines the effect of varl0US dletary regimes on constant paced 
endurance runnlng. The success, or otherwlse, of each dletary reglme 
1S judged by the ability of ~ubJects to recover and reproduce 
performances only three days after similar exhaustlve bouts of 
exercise. The special diets are consumed durlng the three day 'between 
run' recovery perlod. 
The second part of the study re-examines some of the data obtalned 
ln the flrst section, lnltlally to determlne what physiological 
factors influence the endurance capacity of dlfferent indlviduals, and 
secondly to hlghlight some physiological responses to prolonged 
endurance runnlng. In partlcular, comparisons are drawn between the 
endurance capacities of male and female runners. 
Study 2 
Havlng examlned the role of hlgh CHO dlets durlng prolonged 
constant speed running, this second study investlgates the influence 
of high CHO diets on endurance racing performance. Thus the study lS 
concerned wlth the abllity of individuals to run faster, rather than 
longer, after the pre-race consumptlon of hlgh CHO dlets. 
Complementlng the examlnation reported in the prevlous study of 
physiological factors lnfluencing endurance capacity, thlS study also 
considers the relationshlp between certaln physiological 
characteristics of the runners, and thelr performance tlmes over 30km. 
3 
CHAPTER 2 REVIEW OF LITERATURE 
The first part of this section reV1ews the factors which effect 
endurance performance, and also h1ghl1ghts 
"elite" and "recreat1onal" compet1tors. 
the d1fferences between 
It then deals w1th the 
physiological changes Wh1Ch occur dur1ng prolonged exerc1se, and how 
these changes lnfluence the intensIty at whIch an IndIvidual can work. 
The next section reviews the factors Wh1Ch cause fatlgue durlng 
long term exerc1se, and th1S leads 1nto a sectlon dealing with 
metabol1sm, and 1n partlcular the roles of fat and carbohydrate (CHO) 
during prolonged exerC1se. 
The f1nal section deals with the use and importance of diet in 
enhanc1ng performance, pay1ng particular attent10n to high CHO d1ets, 
and methods of 1nducing glycogen supercompensatlon to aid performance. 
The role of high CHO diets before endurance exerCise, and In the 
recovery phase afterwards, 1S also reviewed in thiS section. 
Thus thiS reV1ew is structured in the following way: 
1. THE RELATIONSHIP BETWEEN OXYGEN UPTAKE AND ENDURANCE EXERCISE. 
a. MaX1mum Oxygen Uptake. 
b. Runn1ng Economy and Relative Work Intens1ty. 
c. Work Intens1ty and Blood Lactate Accumulat1on. 
2. CARDIO-VASCULAR CHANGES DURING ENDURANCE EXERCISE. 
a. The Concept of Steady State. 
b. Vent1latory Changes. 
c. Oxygen Consuption. 
d. Heart Rate. 
3. THERMOREGULATION DURING ENDURANCE EXERCISE. 
a. Core temperature control. 
b. Dehydrat1on, Weight loss and Fluid Intake. 
c. Plasma Volume. 
4 
4. METABOLISM DURING ENDURANCE EXERCISE. 
a. Overview. 
b. The Role of Liver Glycogen. 
c. Blood Glucose DurIng Prolonged Exercise. 
d. Blood Glucose as a Substrate. 
e. Fat Metabolism DurIng Prolonged Exercise. 
f. ProteIn MetabolIsm DurIng Prolonged ExercIse. 
g. Carbohydrate MetabolIsm During Prolonged Exercise. 
h. Regulatory Mechanisms Controlling Fat and 
Carbohydrate Metabolism DurIng ExercIse. 
i. Muscle Glycogen Utilisation DurIng Prolonged Exercise. 
j. DepletIon Patterns of Muscle Glycogen. 
k. Muscle Glycogen Levels in Trained and UntraIned Athletes 
5. THE INFLUENCE OF CARBOHYDRATE DIETS ON ENDURANCE EXERCISE. 
a. Background. 
b. The Rate of Muscle Glycogen Repletion after ExercIse. 
c. RepletIon without Carbohydrates. 
d. Methods of AchIevIng Muscle Glycogen Supercompensatlon. 
e. The Process of Glycogen SynthesIs. 
f. Types of DIetary Carbohydrate. 
g. Optimum Levels of Carbohydrate Intake. 
h. DIsadvantages of Carbohydrate LoadIng. 
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2.1. THE RELATIONSHIP BETWEEN OXYGEN UPTAKE AND ENDURANCE 
EXERCISE 
a. Maximum OXyQen Uptake. 
Prolonged endurance exercise, and in part1cular running has been a 
subject of considerable research by exerC1se phYS1ologists. The recent 
upsurge in the number of part1c1pants in endurance running, and more 
specif1cally marathQn runn1ng has posed many questions regard1ng the 
different character1stics of elite and 'recreat1onal' runners, and the 
demands placed on the body of runn1ng when for prolonged periods of 
time. 
A h1gh maX1mum oxygen uptake (V02 max) has 1n the past been 11nked 
w1th the ab1l1ty to perform well 1n prolonged endurance exerC1se. The 
fundamental reason beh1nd th1s requirement of a high V02 max is that 
the oxygen cost of runn1ng is directly proport1onal to runn1ng speed. 
However Komi and Karlsson (1979) have suggested that V02 max is to a 
large extent genetically predeterm1ned, a fact supported by W1ll1ams 
(1981) who states that changes in performance after tra1n1ng may not 
always be reflected 1n changes 1n V02 max. Therefore as well as 
possess1ng h1gh maX1mum oxygen uptakes, well tra1ned endurance 
athletes can also be d1stingu1shed by other phYS1olog1cal factors such 
as their abil1ties to susta1n high proport1ons of the1r V02 max, 
eff1cient running styles and skeletal muscles w1th h1gh oxidative 
capacity. The physiolog1cal factors Wh1Ch favour h1gh qual1ty 
endurance running performance will be d1scussed in the remainder of 
th1S sect1on. 
High V02 max values have frequently been observed in top class 
distance runners. Cost111 and W1nrow (1970a) found mean V02 max values 
of 70 ml.kg-lmin~ in a study of elite marathon runners who had times 
ranging from 2hrs 14 mins to 2hrs 43mins. In a separate study on top 
class d1stance runners, Costill (1970) reported mean V02 max values of 
74 ml.kg-1m1n-' for eleven tra1ned distance runners. Slmilarly, Maron, 
Horvath, Wllkerson and Gliner (1976) found mean V02 max values of 72.2 
ml.kg-1min-' for two marathon runners with best tImes averagIng 2 hrs 
32mins, whilst Tanaka and Matsuura (1984), on examInatIon of twelve 
hIghly traIned endurance runners, found V02 max values of 73 
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In a study of 23 experienced marathon runners of varying abilities, 
Foster, Daniels and Yarborough (1977) reported a mean V02 max of 62 
ml.kg-1 mln"'. However, they also found a strong correlation of 0.86 
between V02 max and marathon performance. They thus concluded that V02 
max was the most Important physiological determinant of distance 
running performance. 
Similar results were also found by Rellly and Foreman (1983) and 
Maughan and Leiper (1984), who both found strong relationships between 
V02 max and marathon performance amongst runners of varying abilities. 
(m, 
In a comparison of elite (sub two hours thirty minutes) and 
recreational (in excess of three hours) marathon runners, Wllllams, 
Brewer and Pat ton (1984), found that the mean V02 max value of the 
recreational group was 56 ml.kg-lmln-~ whilst the elite group's values 
averaged 70 ml.kg- 1 min , again suggesting the need for a high aerobic 
capacity In order to perform well In endurance runmng. 
Thus many researchers have highlighted the predominance and 
importance of high V02 max values for successfull marathon and long 
distance runners. However, in terms of distinguishing between 
performance times amongst athletes with similar V02 max values, other 
physiological factors have been the tOPICS of Increasing 
Investigation, and these Will be examined In the following sections. 
b. Running Economy and Relative Work Intensity. 
In an examination of Derek Clayton, who at the time was the holder 
of the world marathon best time, Costill, Branam, Eddy and Sparks 
(1971> found that he possessed a V02 max value which was If anything 
sllghtl y lower than had been found in other top class runners 
ml. kg- 1 min-' ). ThiS therefore suggested that marathon runmng success 
IS dependent on other factors as well as V02 max. Furthermore, Costill 
et al <1971> reported that In a long term study of 27 marathon 
runners, with V02 max values ranging from 64 to 78 ml.kg-1 mln"', no 
correlation was found between VOz max and race time. The authors 
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concluded that the reason for Clayton's success 
sustain a large percentage of hIS VOz may. (86%) for 
the marathon. 
was his abIlIty to 
the duratIon of 
Thus it would seem that as well as possessing a large V02 may., 
successful 1 athletes must be able to utilIse a large percentage of It 
for long perIods of tIme. The early work by Dill (1965), suggested 
that marathon er Clarence DeMar, seven times WInner of the Boston 
Marathon, was running at speeds equivalent to 777. of hIS VOz max In 
hIS best races, WhIlst Farrell, Wllmore, Coyle, BIllIng and Costlll 
(1979) found that present day elite marathon runners utlll~e 
apPErximately 75% VOz max when racing. 
In the study by Maron et al (1976), where the oxygen reqUIrements 
of two hIghly trained marathon runners were measured durIng the race, 
It was found that they sustaIned speeds ranging from 707. to 85% of VDz 
max. However, they reported that over certaIn sectIons of the course, 
these values dropped to as low as 60%, or rose as hIgh (on a hIlly 
section) as 100% of VD2 max. 
Nevertheless, In contrast to these studies, Foster et al (1977) 
performed a longItudInal InvestIgatIon into 23 experIenced marathon 
runners over a period of two years. They found that the best single 
correlate 
there was 
with marathon performance was VDz max (r = -0.86), and that 
no correlatIon when performance was related to the 
percentage of VDz max used at race pace. However, it is worth notIng 
that these experIenced runners were not of SImIlar standards, and had 
best marathon tImes ranging from 2 hours 23 mInutes to 4 hours 8 
mInutes. 
Wllllams, Brewer and Pat ton (1984) have shown 
recreatIonal marathon runners can be dIstIngUIshed by 
that elite and 
their di ffenng 
abilIties to sustain high percentages of theIr VDz max durIng races. 
The recreatIonal runners sustained speeds equivalent to 68% of VDz 
may., WhIlst the elIte runners raced at 77% VDz max. 
In a further study of elite and non elIte marathon runners, Maughan 
and Lelper (1984) found a strong correlation between the percentage of 
VDz may. utilised durIng a race, and performance. Those runners able to 
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sustain a hIgher fract,on of their aerob,c capacItIes were able to 
complete the d,stance In the fastest t,mes. Maughan and Lelper (1984) 
found that the fastest runners were running at 75Y. VOz max, whIlst 
those at the rear of the f,eld were only able to sustaIn 60Y. of their 
VOz max. 
Davies and Thompson (1979) studied a group of male and female 
marathon and ultramarathon runners. They found that the males ran 
their marathons at speeds requiring 82Y. of VOz max, whIlst the females 
ran at 79Y. of VOz max. The authors claimed that success in marathon 
running requires the development and ut.l.zat,on of a large VOz max. 
In examIning theIr subjects· runnIng economy, Davies and Thompson 
only found a 5Y. intersubJect variatIon In the oxygen requirements at 
the same running speeds. ThIS was not reflected ,n performance t.mes, 
therefore provIdIng no eVIdence to suggest that performance IS 
dependent on running economy. The authors suggested that In order to 
excell, marathon runners need VOz max values of 80 ml.kg- 1 mln- 1 , SInce 
they calculated that to run a 2 hour 10 m.nute marathon (5.41 m.sec-1 ) 
requires an oxygen consumpt.on rate of 70 ml.kg- 1 m.n- 1 • 
In a study compar.ng two m.ddle aged ultramarathon runners, WIth 
many years of running exper.ence and s.m.lar VOz max values, Costlll 
and W.nrow (1970b) found that the subject who generally produced the 
best performance times was more economical at all runn.ng speeds. 
Although both runners were found to run theIr marathons at between 80Y. 
and 857. of VOz max, the subject with the superior running economy was 
running faster. It was concluded that, when runners have SImIlar VOz 
max values, runnIng economy can play an equal or even greater role 
than VOz max .n determInIng success at d.stance runnIng. Cost.ll and 
W.nrow (1970b) also concluded that although ag.ng results In a fall ,n 
VOz max, older runners with many years of running experience behind 
them are capable of utIlIzing larger percentages of VOz max than their 
younger counterparts. 
Thus the .mportance of a h.gh maximal oxygen uptake and the abll.ty 
to sustaIn a large fraction of it for long periods of time has been 
shown by many investigators to be of .mportance in competItIve 
endurance performance. 
The next sect. on considers one of the most w.dely .nvestlgated 
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areas thought likely to lImIt the relative exercIse IntensIty which 
athletes are able to sustain; the accumulatIon of blood lactic acid. 
c. Work Intensity and Blood Lactate accumulation. 
During prolonged physical exercise, changes occur to both the 
central cIrculatory system, and at the sIte of the workIng muscle. The 
extent of these changes seems to play a large part in determIning the 
relative Intensity at which an athlete can exercise before fatIgue 
occurs. 
Costill, Thomason and Roberts (1973) examIned 16 traIned dIstance 
runners, and concluded that success is dependent on economIc 
utilization of a well developed maximum oxygen uptake wIth mInImal 
accumulatIon of lactIc acid. They found that at speeds greater than 
707. of V02 max, the faster runners were accumulating less lactate at 
the same absolute and relatIve speeds. 
SJodin and Jacobs (1981) examIned the relationship between 
marathon performance and runnIng speeds at whIch blood lactate 
concentratIons were 4 mM. They used this reference concentration of 
blood lactate as they concluded that it was close to the exercise 
intensity above whIch there IS a rapId rIse in blood lactate 
concentrations. SJodin and Jacobs (1981) termed thIS pOInt the 'onset 
of blood lactate accumulatIon' (OBlA), and found a strong relationshIp 
between OBlA and the marathon performance of a group of experienced 
runners (r=0.96, p<O.OOl). 
In an InvestigatIon into the physiologIcal demands of a half 
marathon race on a group of ten recreatIonal runners, WIlllams and 
Nute (1983) found that although there was a strong relatIonship 
between V02 max and performance (r=-0.810), there was an even stronger 
relationshIp between running speeds eqUIvalent to blood lactate 
concentrations of 4 mM and performance (r=-0.877). 
The results of thIS latter study are consIstent with those reported 
by Farrell et al (1979). They performed laboratory and field 
assessments over distances ranging from 3.2 kllometers to a marathon, 
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on 18 male distance runners. They found that although V02 max and 
running economy were s1gnificantly related to performance, the 
strongest relat10nships were between performance and the treadmill 
speed at which the onset of plasma lactate occured (OPLA). In races, 
the runners seem to set a pace wh1ch utilIzes the highest percentage 
of V02 max, but WhICh just avoids OPLA. Furthermore, Farrell et al 
(1979) found a strong relatIonshIp between the treadmill velocity 
equal to OPLA, and the rIse 1n lactate from rest to race pace. 
FollOWIng an outdoor marathon, Farrell et al (1979) reported that 
the mean delta lactate from rest was 1.6 mM, and that the hIghest 
value found was only 3.1 mM. Thus they concluded that despIte hIgh 
levels of fItness, marathoners can only maIntaIn velocities WhICh are 
slightly in excess of theIr OPLA velocity. 
However, one cautionary note expressed by the authors 1S that the 
runners who were fastest at the shorter dIstances were also fastest at 
the longer races. Thus the results obtained may not necessarIly hold 
true for a sample conSIstIng of both short and long dIstance 
spec1al1sts. 
Costill (1970) hIghlIghted the Inverse curv11inear relationshIp 
between the length of competItion and blood lactate concentratIons. He 
reports that when the oxygen reqUIrements are less than 707. of V02 
max, 11ttle or no Increase in lactate IS seen. Of the eleven distance 
runners which Costlll examIned, those WhICh were highly trained were 
able to run at higher percentages of V02 max before Increases in blood 
lactate were observed. 
Tanaka and Matsuura (1984) studIed the hypothesis that the 
treadmIll velocity equivalent to a runner's anaerobIC threshold (VAT -
the point where blood lactate rises above a base line level) would be 
a more accurate approximation of marathon speed (VM) than the 
treadmill speed eqUIvalent to OBLA (VOBLA). 
Twelve h1ghly trained dIstance and marathon runners performed 
treadmill tests two weeks before or after a marathon. Tanaka and 
Matsuura found that the VAT (4.57 m.sec- 1 ) closely approx1mated VM, 
~ whe~as VOBLA (5.30 m.sec-1 ) was sign1ficantly different from VM. As VM 
was found to be 98.27. of VAT, they thus concluded that, as a 
predictor of marathon times, VAT was of more value than VOBLA. Tanaka 
and Matsuura also examined the change in the percentage of V02 max 
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between VAT and VOBLA. They found that the size of this change 
positively correlated with performance (r = 0.675), so It would seem 
that a large change in V02 between VAT and VOBLA IS a pre-requlsite of 
good performances. This IS thus a reflection of the rate at which 
lactate accumulates with increasing workloads. 
Recently, attention has been focused on running speeds at which 
reference concentrations (notably 2mM and 4mM) of blood lactate occur. 
These speeds have been used as means of assessing an athlete's 
fitness, and response to training regimens(Klndermann, Simon and Keul, 
1979). 
In a recent study, Willlams et al (1984) compared the race paces of 
groups of elite and recreational marathon runners. They found that the 
elite group ran at a pace which was 100.17. of the treadmill velOCity 
equivalent to 2 mM of blood lactate (V2mM). However the recreational 
runners were only able to sustain a pace of 887. of V2mM. Thus it would 
seem that as well as being able to tolerate high percentages of their 
V02 max for long periods of time, a further characteristic of elite 
runners IS that they are also able to sustain higher levels of blood 
lactate than recreational runners. 
It IS likely therefore, that one of the main factors limiting the 
fractional utilisation of an athlete's maximum oxygen uptake is the 
accumulation of blood lactiC aCid. Elite, well trained runners appear 
to produce less lactate at given relative and absolute speeds, and to 
also be able to race at higher blood lactate concentrations, than 
their less elite counterparts. 
Nevertheless, there are also changes to the cardl0-vascular system 
which influence the pace which a .runner selects during distance 
performance, and these will be examined in the next sectIon. 
2.2 CARDIO-VASCULAR CHANGES DURING PROLONGED EXERCISE. 
ThiS section sets out to review and Identify the changes which 
occur to the cardlo-vascular system during prolonged exercise, and how 
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these changes can influence the relatIve intensIty at which an athlete 
is able to work. 
a. The Concept of Steady State. 
LaFontalne, Londeree and Spath (1981) examined the relatIonship 
between the concept of 'maxImum steady state' (MSS) and performance. 
They defined MSS as beIng the oxygen uptake, heart rate and/or 
treadmill velocIty where plasma lactate equals 2.2 mM. In tIme trials 
rangIng from 402.3m to 20km, significant correlatIons occured between 
performance tImes and MSS. LaFontalne et al (1981) concluded that 
events WhICh are essentIally aerobIc seem to be run at a pace which IS 
related to a runners MSS. 
Nevertheless, there IS considerable evidence to suggest that durIng 
prolonged endurance events, true steady state never occurs for any 
substantial length of time. 
b. Ventilatory Changes. 
Saltln and Stenberg (1964) monItored four subjects on either a 
treadmIll or a bIcycle ergometer at 75% of VOz max. They found that 
over the course of the exercise perIod, oxygen uptakes Increased by 
5%, and ventllatory equivalent (VEFF) rose from 24.0 to 25.5. All 
subjects demonstrated a contInuous rIse in heart rate, most of WhICh 
the authors attrIbuted to a fall In stroke volume, in turn caused by a 
fall In plasma volume. 
Hanson, Cl aremont , Dempsey and Reddan (1982) cla1med that prolonged 
exerC1se at 60% to 70% of VOz max results 1n non-steady state 
ventilatory responses, even In highly tra1ned athletes. They exerc1sed 
15 well traIned runners for 60 to 70 m1nutes at 70% to 75% of VOz max. 
The results showed a 26% rIse In breathIng frequency, along with a 
rise In minute ventilat1on. Hanson et al (1982) VIewed the net effect 
of thIS hyperventIlation to be advantageous, Slnce the benef1ts to 
pulmonary gas exchange and hydrogen ion regulation outweigh any 
ineffIciency in ventilatory work. They feel it unlikely that 
hyperventilat10n of thIS nature WIll result in respiratory muscle 
fatIgue. 
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Martln, Morgan, ZWlllich and Well (1981) reported that the 
mechanisms causlng 'ventllatory drlft' durlng prolonged exerClse are 
largely unknown. Likely causes lnclude metabollc aCldosis or a rise in 
core temperature. Ten subjects were exercised at 667. of V02 max for 
one hour, and demonstrated both a rlse in core temperature and a 137-
increase in ventilatlon. However, equal passlve elevat10n of core 
temperature failed to result 1n any rise 1n ventilat10n. Dur1ng the 
exercise per10d, arter1al pH, lact1c acid and exp1red carbon d10xide 
were unchanged, but vent1lation stlll increased. The sole cause of 
this rise in vent1lat10n was found to be through increased breathing 
frequency; tidal volumes rema1ned unchanged. 
Unlike Hanson et al (1982), Mart1n et al (1981), was of the op1n10n 
that vent1latory dr1ft may 1nh1b1t endurance performance, Slnce the 
'sensed' level of breath1ng is an important part a runner's perce1ved 
rate of exert10n. 
Further eV1dence against the role of 1ncreas1ng core temperature in 
provok1ng a rise 1n vent1lat10n has been presented by Henry and 
Balnton (1974). Three male subjects induced a 0.9 QC rise 1n core 
temperature by walk1ng 1n a thermal SU1t at 3 m1les an hour for 22 
m1nutes. No slgnif1cant d1fferences were found 1n e1ther vent1lat10n 
or breathlng frequency when compared to the same period of exercise 
under normal condl Hons. They thus concluded that during moderate 
exerclse, core temperature has no lnfluence on ventllatlon. 
One of the earliest studies supporting the 1dea that aCldosis 
causes a rlse in ventllatlon durlng exercise was by Bannlster, 
Cunningham and Douglas (1954). They suggested that the combination of 
accumulated lactic acid and raised body temperature depress the 
threshold of the respiratory centre to carbon dioxide, leadlng to a 
rise 1n ventilation. 
In contrast to those studies which have shown that the 
cardio-vascular system is ln a state of change durlng prolonged 
exercise, Gass, Camp, Watson, Eager, Wlcks and Ng (1983) ran 7 hlghly 
trained females on a treadmlll at 657. of V02 max. for 80 minutes. They 
found no signiflcant difference in V02 , ventllation, heart rate or 
venous lactate throughout the exerClse period. 
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C. Oxyoen Consumption. 
Despite the reported rise in ventilatIon durIng exercise, eVIdence 
for a rISe in V02 IS more limIted. 
In a reVIew paper by Hartley (1977), he suggested that any Increase 
in oxygen uptake seen durIng the latter part of prolonged exerCIse may 
be due to an increasIng contrIbution to metabolIsm from fat. 
Slight increases in oxygen uptake durIng prolonged exercise have 
been noted by Saltin and Stenberg (1964) in theIr study of 4 subjects 
exercIsIng at 757. V02 max. for three hours, and also by MacDougall, 
Reddan, Lay ton and Dempsey (1974) who ran 6 subjects to exhaustion at 
707. V02 max. on a treadmIll. In thIS study, subjects performed the 
experIment under eIther normal, hyperthermic or hypothermIc 
condItIons. Increases in V02 with time were noted In all three 
condItIons, the largest increase comIng under hyperthermIc condItions; 
the smallest under hypothermIc condItIons. 
Sawka, Knowlton and CrItz (1979) studied 7 males durIng two 
treadmIll runs, 90 mInutes apart at 707. of V02 max. They reported no 
sIgnificant change in V02 throughout the runs. 
In contrast to these studIes, Maron, Horvath, Wilkerson and Gllner 
(1976) actually noted a decrease In oxygen uptake durIng a competItIve 
marathon race. CollectIng expired aIr samples from two athletes whilst 
they were running, Maron et al (1976) reported that towards the end of 
the race, there was a decrease in V02 WhICh was not related to any 
drop in either speed or gradient of the course. They suggested that 
thIS may be related to an Increase In runnIng effIcIency due to a rIse 
In muscle temperature. 
d. Heart Rates. 
The heart rate response during prolonged submaximal exercise has 
generally been shown to be one of steady Increase. Saltln and Stenberg 
(1964) reported a continous rIse In heart rate throughout the exercise 
perIod. Most of this rise was attributed to the need to compensate for 
a drop In stroke volume. 
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MacDougall, Reddan, Lay ton and Dempsey (1974) supported this 
concept of an increase in heart rate caused by a decrease in stroke 
volume during prolonged exercise. Under normal, hyperthermic and 
hypothermic conditions, stroke volume consistently fell, corresponding 
to a rise in heart rate. They concluded that even under normal 
conditions, the need for a peripheral redistribution of the blood 
supply will cause a drop in stroke volume, and hence cardiac output 
unless heart rate increases to compensate. 
In their study of repeated bouts of prolonged running, Sawka, 
Knowlton and Crltz (1979) reported that both stroke volume and cardiac 
output fell during exercise, despite increases in heart rate. 
Furthermore, during the second period of running 90 minutes later, 
heart rates were even higher, and cardiac output and stroke volume 
lower at any given time period with respect to the first run. 
2.3 THERMOREGULATION DURING ENDURANCE EXERCISE. 
a. Core Temperature Control. 
During heavy, prolonged exercise, the maintenance of the body's 
thermal equilibrium (around a level above the normal resting 
temperature of 370 C)is of vital importance. Unless heat loss matches 
heat production, hyperthermia and heat stroke will result, which can 
impair performance when mild, and 
severe. One index of the success 
be dangerous or even fatal when 
or otherWise of the body in 
maintaining thermal equilibrium is its core temperature - values in 
excess of 41.0 °C are generally thought to indicate the onset of heat 
stroke (Astrand and Rodahl, 1977). Therefore the first part of this 
section Will examine the thermoregulatory demands WhiCh are placed on 
the body during endurance running, as reflected by core temperature 
values recorded during and immediately after exercise. 
Saltin and Hermansen (1966) reported a proportional relationship 
between core temperature and relative work intensity, core temperature 
being dependent on the 7.V02 max at which a person is working. 
Furthermore, they reported that core temperature reaches a plateau 
after approximately 30 minutes of steady state exerCise. 
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ThIS View has been suppo~ted by Nlelson (1971). Fo~ example, one 
subject cycled twice at the same absolute wo~kload, but on the second 
occaSion the supply of oxygen to the wo~klng muscles was ~est~lcted by 
adding ca~bon monoxide to the inspi~ed al~. Despite the absolute wo~k 
intensity staying the same, the ~elatlve Intensity became hlghe~. In 
line with thIS a ~ise in co~e tempe~atu~e was also noted when the 
ca~bon monoxide was added to the Inspi~ed ai~. 
Neve~theless, when MacDougall, Reddan, Lay ton and Dempsey (1974) 
~an SIX subjects to exhaustion on a t~eadmill at 707. of V02 max unde~ 
elthe~ no~mal, hot o~ cold envi~onmental conditions, they saw a 11nea~ 
Inc~ease in co~e tempe~atu~e. The~e was no evidence of plateaulng 
unde~ any of the conditions, although the la~gest ~lse was seen when 
the envi~onment was hot. 
Run tlmes we~e dlffe~ent unde~ all th~ee conditions, but final co~e 
temperatures we~e the same (between 39.3 DC and 39.5 DC). MacDougall 
et al (1974) the~efo~e concluded that even unde~ no~mal conditions, 
metabollcally induced hype~the~mla IS a limiting facto~ to 
pe~fo~mance. It causes a perlphe~al ~edlst~ibution of blood, which 
~educes st~oke volume and ca~dlac output. Mo~eove~, the oxygen cost of 
exe~cise IS inc~eased by the demands of sUppo~tlng the~mo~egulatlon. 
In a study of competlto~s at the end of a ma~athon ~ace, Pugh, 
Co~bett and Johnson (1967) noted that th~ee of the f1~St fou~ 
competitors had co~e tempe~atu~es above 40.0 DC. The ~ace winne~ had 
the highest value of 41.1 DC. Ove~all, the autho~s noted a negat1ve 
co~~elat1on between f1n1shing posit1on and co~e tempe~atu~e, the mean 
value fo~ all ~unners be1ng 39.0 DC at the end of the ~ace. 
Ma~on, Wagne~ and Ho~vath (1977) measu~ed the co~e tempe~atu~e of 
two ma~athon ~unners during a race. Both runners' core temperatures 
plateaued after 35 to 45 minutes; the values of one runner were 
between 40.0°C and 40.1 ac, the second between 39.9 and 39.2 °c. 
However, towards the end of the race, both runners demonstrated 
secondary rises 1n core temperature, W1th one reach1ng 41.9 DC. 
Maron et al (1977) concluded that these exceptionally high values 
1nd1cate that certa1n 1ndlv1duals have a spec1al ability to perform 
prolonged work w1th high core temperatures, w1thout any adverse side 
17 
effects. 
In a study of a female marathon runner during a competitive race, 
Christensen and Ruhling (1980) noted only a modest rise 1n core 
temperature, from 37.5 GC at rest, to 38.9 cC after 20 minutes. It 
then fluctuated between 38.9 cc and 39.1 GC for the rest of the run, 
wh1ch was completed in 3 hours 55 m1nutes. Pre race resting values 
were reached 45 minutes after the end of the race. 
One of the most noticeable effects of long term thermoregulation 
during endurance exercise IS dehydration and weight loss. This area IS 
therefore considered below. 
b. Dehydration, Weight loss and Fluid Intake. 
When losses In body weight exceed 27. after exercise, It IS 
generally accepted that the subject IS dehydrated (Saltln, 1964). One 
way of of1tettlng dehydration IS to maintain a high rate of flUid 
Intake during exercise, but here there are many d1verse reports 
regarding the volumes of fluid consumed by athletes during prolonged 
running. 
Myhre, Hartung and Tucker (1982) found flUid intakes ranging from 
0.65 litres to 1.9 litres during a warm weather marathon (15.5 to 24.5 
CC) completed by three female subjects. The percentage drop in body 
weights was inversely proport10nal to the volume of flUid consumed, 
ranging from 3.47. to 6.77.. 
Magazanlk, Shaplro, Meytes and Meytes (1974) reported mean flUid 
intakes of 1.5 Iltres for SIX runners who finished a marathon in an 
average time of 217 minutes. Their mean loss of body weight was 3.77., 
the highest recorded being 6.77.. All subjects were deemed to be 
dehydrated at the end of the race. 
Contrasting values for flUid 1ntake during a marathon were reported 
by Maron, Horvath and Wllkerson (1977) in a study of two runners 
during a marathon race. One drank 1.6 litres of water and experienced 
a 2.77. drop In body weight, whilst the other only drank 0.71 litres of 
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water and lost 3.1% of his body weight. 
Costill, Kammer and Fisher (1970) ran three subjects four times on 
a treadmill at 70% of V02 max for two hours. They were either allowed 
no flu1d, water, or a glucose/electrolyte drink. 
When fluids were consumed, core temperature was seen to plateau 
after 45 minutes, but there was no evidence of any plateau on the 'no 
fluid' runs. However since these results could only be obtained by 
forcing subjects to drink two litres of fluid, Costill et al (1970) 
concluded that under competitive conditions, fluid Intake will do 
little to balance fluid loss. 
One effect of dehydration IS a reduction in plasma volume, caused 
by shifts In body fluid as high sweat rates are maintained. The 
disadvantages of thiS, and the exent to which plasma volume IS 
affected by endurance exerCise, IS outlined In the follow1ng section. 
c. Plasma Volume Chanoes DUring Prolonged ExerCise. 
Salt1n and Stenberg (1964) reported a 5% drop in plasma volume 
after 180 m1nutes of exercise at 75% of V02 max on a b1cycle 
ergometer. They maintained that th1S caused a drop 1n stroke volume, 
which is compensated for by a r1se in heart rate. In prolonged 
exercise thiS 1ncreased heart rate w1II, they cla1med, ultimately 
result in a fall in work capac1ty. 
Slnclair, Newman, G1ttOS and Lawson (1983) supported this View, 
claim1ng that a reduction in plasma volume reduces venous return, 
stroke volume and card1ac output, which 1n turn may Jeopard1ze 
temperature regUlation dur1ng prolonged exercise. They concluded that 
to prevent dehydration, athletes should learn to consume one litre of 
flu1d per hour during endurance events. 
Myhre, Hartung and Tucker (1982) reported plasma volume losses of 
5.4%, 13.2% and 27.4% for three female subJects who completed a warm 
weather marathon. Despite these results they cla1med that plasma 
volume can be malnta1ned if the total water deficit is Ilm1ted to 4% 
of body we1 ght. 
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However this conclusion IS not supported by 
following study. Costlll and Flnk (1974) 
the findings 
Induced a 4% 
of the 
loss In 
subJects' body weight either through exerCise or exposure to a hot, 
dry environment. In both cases they recorded plasma volume decreases 
of between 16% and 18%. Most of this decrease was seen to occur during 
the early stages of the exercise period. In a later study, Costlll, 
Cote and Flnk (1976) found that for each percentage drop in body 
weight there is a 2.2% fall in plasma volume. 
Sawka, Knowlton and Glaser (1980) also noted an early fall In 
plasma volume after the onset of exercise. They studied seven males 
exercising tWice on a treadmill at 70 %V02 max, ninety minutes apart, 
and noted an 8% drop In plasma volume during the first thirty minutes 
of exerCise, after which time It remained constant. 
In a study of SIX males exercIsing for 50 minutes 
max, Harrison, Edwards and Leltch (1975) found 
at 
that 
55% of V02 
all of the 
decrease in plasma volume occured In the first five minutes. They also 
claimed that the return of plasma volume levels to normal after the 
cessation of exercise is accelerated by the osmotic effect of elevated 
plasma protein levels. 
In contrast to these stUdies reporting a fall In plasma volume 
dur1ng endurance exerc1se, there are some reports of plasma volume 
actually Increasing. 
In a study of six males during an 85 kllometer cross country ski 
race, Astrand and Saltin (1964) found that plasma volume rose by 11%, 
desp1te a fall 1n body weight of 5.5%. They concluded that thiS may be 
due to the 11beratlon of Intramuscular water stored With glycogen, and 
from the production of water from combustion. 
An Increase In plasma volume during submaximal exercise was also 
reported by Gass, Camp, Watson, Eager (1983) after seven females had 
run on a treadmill at 65% of V02 max for 80 minutes. Furthermore, no 
cardio-vascular drift was noted, and Gass et al (1983) claimed that 
thiS may be because the plasma volume expansion had helped to maintain 
venous return. 
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2.4 METABOLISM DURING ENDURANCE EXERCISE. 
a. Overview 
During endurance activity, the primary fuel sources are fat and 
CHQ. These are degraded by oxidative metabolism which results In the 
production of adenosine tri phosphate (ATP) within the working 
muscles. As the Intensity of exercise Increases, the rate at which 
oxygen IS required rises, thus placing greater demands on the 
cardio-resplratory system to transport the oxygen to the working 
muscles. The fact that endurance exerCise Invariably demands 
a high rate of energy expenditure places a severe limitation on the 
, . 
body's chOice of metabolic fuel. Skeletal muscles are unable to 
metabolise fatty aCids at a rate which matches the utilisatIon of ATP 
during intense exercise. Thus the preferred fuel tends to be CHQ, 
which unlike fat IS In lImIted supply. 
The need to maintain blood glucose homeostasls IS Vital In order 
that the fuel supply to the brain and other Vital organs is susta1ned. 
Wahren (1977) descrIbed how 1n the early stages of exerCise, the 
breakdown 
glucose 
ofl1ver glycogen 
production, With 
(glycogenolysIs) accounts 
the remaining 25% being 
for 75% 
provided 
of 
by 
gluconeogenes1s (the conversion of lactate, pyruvate, glycerol etc to 
glucose). However as the duration of exercise increases, liver 
glycogen becomes depleted and the contribution to glucose production 
from gluconeogenesis increases to 45%. In absolute terms, 
gluconeogenesIs Increased threefold In these experiments reported by 
Wahren (1977). 
In contrast, a study of endurance running by Hall, Braaten, Bolton, 
Vranic and Bolton (1983) conflicts with the evidence reported by 
Wahren (1977). They exercised subjects on a treadmill at runnIng 
speeds eqUivalent to a three hour marathon, and calculated that only 
12.2% of the total CHD metabolism came from blood glucose, although it 
was still the primary blood borne substrate. 
Astrand (1967b) noted that the intensity of work is proportional to 
the relative contributions of fat and CHQ. When the intensity of 
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exerCise 1S such that it places large demands on an athletek maximum 
oxygen uptake, CHO becomes the main fuel source. 
After carbohydrates have been consumed, they are d1gested and 
stored as a polymer of glucose known as glycogen. There are two maln 
sltes In the body for the storage of glycogen: the muscles and the 
11ver. 
b. The Role of Liver Glycogen. 
In a study of 19 adult males, Nllson and Hultman (1973) found that 
the liver contalns an average of about 90 grammes of glycogen, 
equ1valent to 600 mM glucosyl un1ts per kilogramme of wet welght. 
The maln role of lIver glycogen lS In the malnta1nence of blood 
glucose at a level whIch adequately suppl1es the brain and central 
nervous system (CNS) with fuel. 
Newsholme (1977) claImed that durlng an endurance event such as the 
marathon, the lIver lS capable of convertlng 100g of glycogen into 
blood glucose. When this 1S comb1ned with the energy from around 600g 
of muscle glycogen In the legs, Newsholme (1977) calculates that the 
body's CHO stores can provide In the reg10n of 2400 kcal of energy. 
Furthermore, he states that as elIte marathon runners expend energy at 
the rate of approxlmately 18 kcals a minute, CHO WIll prov1de enough 
energy for 143 mlnutes of exerSlse. 
Hultman and SJoholm (1982) ma1nta1ned that blood glucose would be 
rap1dly depleted unless contlnually renewed from the llver, S1nce 
dur1ng exercise 1t 1S used to supplement the glycogen stores of the 
work1ng muscle. They stated that 1f 11ver glycogen becomes depleted, 
blood glucose will fall, having ser10US effects on the CNS. However 
even 1n exercise perlods which do not demand energy requirements 
likely to d1minish liver glycogen, hypoglycemia (low blood glucose 
concentrat10ns) has been observed. Th1s therefore 1nd1cates some 
mismatch1ng between the rate of release of blood glucose from the 
liver and its uptake by the working muscles. The possible reasons for 
this, and whether or not hypoglycem1a is a cause of fatigue during 
prolonged exercise, is consldered in the next section. 
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c. Blood Glucose During Prolonged Exercise. 
The view that low blood glucose levels cause fatigue during 
prolonged exercise was first proposed by Chrlstensen and Hansen (1939; 
cited by Astrand and Rodahl, 1977). During a cycle test to eXhaustion 
at work rates equivalent to 67% V02 max, they noted that the cessation 
of exercise invariably coincided with very low blood glucose 
concentrations. 
Felig, Cherif, Mlnagawa and Wahren (1982) defined hypoglycemia as 
existing when blood glucose concentrations fall below 2.5 mM. They 
examined the link between hypoglycemia and fatigue by asking 19 males 
to cycle to exhaustion at exercise intensitles of between 60% and 65% 
V02 max. Hypoglycemia occurred in 7 of the males, but they were still 
able to continue cycling for a further 15 to 70 minutes, and their 
exercise times to exhaustion were not Significantly different from the 
rest of the group. 
In a study by Ivy, Miller, Dover, Goodyear, Sherman, Farrell and 
Willlams (1983), 10 males exercised to exhaustion at 45% V02 max. They 
found that fatigue was not associated With hypoglycem,'la, and 
concluded that low muscle glycogen stores were more likely to be 
causing the subjects to stop. 
Further eVidence supporting the view that hypoglycemla does not 
generally limit performance came from Hall, Braaten, Bolton, Vranic 
and Thoden (1983), who stUdied blood glucose concentrations In 7 
subjects attempting to run marathons on a treadmill. Following an 
early increase in blood glucose, they found that levels fluctuated 
conSiderably during the exercise period, but that even at eXhaustion 
(between 21 and 24 miles) no hypoglycemia was eVident. 
Possible causes of hypoglycemla Include the theory proposed by 
Goldstlen (1961). ThiS is that there IS a humoral factor Involved 
which is not confined specifically to the working muscles. Goldstien 
(1961) claimed that Increasing muscle uptake of glucose IS promoted by 
some activator of the 'glucose transport system', this activator in 
turn being stimulated by muscle contractions. The rate of glucose 
production cannot match the rate of glucose uptake, thus as exercise 
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progresses, hypoglycemia is inevltable. 
A different view of the causes of hypoglycemla has been put forward 
by Sanders, Levlnson, Abelmann and Frelnkel (1964). They, proposed two 
possible reasons for a fall In blood glucose: 
1. A decrease In hepatic glucose output. 
2. An increase in perlpheral glucose utilisation. 
After exercising four males for between 45 and 70 minutes at the 
low workload of 30 revolutlons per mlnute, they noted that the 
exerclsing sItes were responsible for all the extra utillsation of 
blood glucose. Furthermore, they considered that a possible reason for 
a decrease In hepatlc glucose output may be the reduction In 
splanchnic blood flow wlth the onset of exerCIse. 
Ahlborg, Fellg, Hagenfeldt, Hendler and Wahren (1974) supported the 
view that fallIng blood glucose concentratIons are maInly the result 
of reduced hepatIc glucose output. They noted that after only 40 
minutes of exerCIse in 6 subjects cycling for 4 hours at 30% VO~ max, 
glucose productlon failed to keep up wlth perlpheral glucose uptake. 
As liver glycogen levels are reduced, an increaslng proportion of 
glucose productlon has to come from gluconeogenesls. 
However Lavole et al (1983) disagreed wlth thIS View. In a series 
of experiments designed to manipulate both llver and muscle glycogen, 
It was concluded that hypoglycemla during prolonged exercise was 
probably caused by lncreased glucose uptake from the muscles as muscle 
glycogen concentrations were reduced durlng exercise. 
One view put forward by Costill (1984) lS that as blood--borne 
glucose IS only one source of CHO for muscle metabolism during 
exercise, hypoglycemla and exhaustlon may only cOlnclde when other CHO 
stores have become depleted. 
d. Blood Glucose as a Substrate. 
In order to examine the importance of blood glucose as a substrate 
for the exercislng muscle, Wahren, Fellg, Ahlborg and Jorfeldt (1971) 
exercised 10 subjects on a bicycle ergometer at a series of 
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progressively intensl~lng workloads. Using catheterisatIon, they 
examined substrate exchange across the leg and splanchnIc bed. Large 
arterIal-femoral dIfferences in blood glucose were revealed, whIch 
Increased along with Increasing exercise intenSIty. On the baSIS of 
these results they concluded that glucose uptake by the legs Increased 
ten to twenty fold during moderate to heavy exercise. Wahren et al 
(1971) calculated that blood glucose could account for between 287. and 
307. of total substrate utiliSatIon, and 757. to 897. of total CHO 
OXIdation. 
In a later study, Wahren (1977) descrIbed how, In the early stages 
of exercise, the breakdown of lIver glycogen (glycogenolysis) accounts 
for 757. of glucose productIon, With the remaining 257. being prOVided 
by gluconeogenesIs. However as the duration of exercIse Increases, 
liver glycogen is reduced and the contrIbutIon to glucose productIon 
from gluconeogenesIs rIses to 457.. In absolute terms, gluconeogenesIs 
Increased threefold In these experIments reported by Wahren (1977). 
In contrast, a study of endurance runnIng presented by Hall, 
Braaten, Bolton, Vranlc and Thoden (1983) conflicts WIth the eVidence 
obtaIned from cycling and reported by Wahren et al (1971). They ran 
subjects on a treadmIll at speeds eqUIvalent to a three hour marathon 
(234.4 m.mln- 1 ), and calculated that only 127. of the total CHO 
metabolIsm came from blood glucose, although It was still the maIn 
blood borne substrate. 
e. Fat Metabolism DurIng Prolonoed Exercise. 
Fat IS stored In the adIpose t,ssue cells as trlglycerldes. These 
are released Into the blood stream as long-chain fatty aCIds, and 
transported In aSSOCiatIon WIth the plasma proteIn albumin (Gollnlck, 
1977). 
The OXIdatIon of fat prOVIdes a greater energy Yield than the 
OXidatIon of an eqUivalent amount of carbohydrate (WIlllams, Brewer 
and Pat ton 1984). As an example they stated that the oxidatIon of 1mM 
of palmitIC aCId results In 129 mM of ATP, whereas the OXidation of 1 
mM of glucose YIelds only 38 mM of ATP. However, when the energy 
Yielded from fat and carbohydrate per unit of oxygen is conSIdered, 
more energy is obtaIned from carbohydrate. If only fat IS beIng 
OXIdIsed, one litre of oxygen results In 19.7 KJ, whereas With 
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carbohydrate the figure rises to 21 KJ. Looked at from a dlfferent 
vlewpolnt, the oxygen cost of obtalning a glven amount of energy 
solely from fat would be 6.67. higher than if the energy were solely 
obtained from carbohydrate. 
In a study of prolonged low intenslty cycling (4 hours at 307. V02 
maxI, Ahlborg, Bergstrom, Brohult, Ekelung, Hultman and Maschio (1967) 
noted an increase in the rate of free fatty acid (FFA) uptake by the 
working muscles. As exerClse progressed beyond 40 mlnutes, the 
contrlbutlon of FFA's to the body's energy requlrements rose to 627.. 
An increaslng contrlbution of FFA during exerClse has also been 
noted by Pruett (1970), who exercised 9 subjects for 45 minute periods 
alternately on either a cycle ergometer or a treadmlll. They had 15 
mlnutes recovery between each exerClse perlod, and contlnued for 
either 6 hours or until exhausted. Work intensitles of either 207., 501. 
or 707. V02 max were used. 
Pruett (1970) found that FFA concentratlons lncreased progresslvely 
durIng exercise, and she claImed that thIS wlII always be the case up 
to a 'threshold level' of between 707. and 807. V02 max. Pruett (1970) 
also stated that FFA concentratlons lncrease proportlonally wlth 
exercise lntensity, and are thus dependent on the rate, rather than 
the absolute amount of energy expendlture. 
Armstrong, Steele, Alts2uler, Dunn, Bishor and De Bodo (1961) found 
that the rate of uptake of plasma FFA by the worklng muscle waS 
proportlonal to the plasma FFA concentratlons. Thus when plasma FFA 
concentratlons were hIgh, the contributlon of fats to the total energy 
supply Increased. 
This Vlew was supported by Hultman and SJoholm (1983) who found the 
rate of FFA utlllsatlon to be dependent on the blood FFA 
concentratlons. Furthermore, any lncrease in the avallablllty of FFA 
Increased theIr utillsatlon. 
The lmportance of FFA in malntalning the capacity for prolonged 
heavy work was emphaslsed by Pernow and Saltln (1971). After depletlng 
the body's glycogen stores, and/or blocklng the release of FFA with 
nlcotinic aCld, they asked their subjects to cycle with one leg untIl 
exhaustlon. Pernow and Saltin (1971) concluded that when muscle 
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glycogen stores are reduced, prolonged submax1mal work can st111 be 
performed providing the supply of FFA 1S adequate. However 1f the FFA 
supply is also restricted, the 1mpairment on performance can result 1n 
a 707. drop 1n work production. 
The regulatory mechan1sms influencing the metabolism of FFA, and 
possible ergogen1c methods of controll1ng these mechan1sms will be 
d1scussed in a later section of this review. 
f. Protein Metabol1sm Dur1ng Prolonged Exercise. 
H1stor1cally, prote1n was once considered to be the main source of 
fuel during athletic performance. Harris (1966) reported that one of 
the earliest known traditions of the athletes of ancient Greece was to 
tra1n on a diet rich in meat. 
Although it is now well accepted that the maln fuel sources dur1ng 
exerC1se are fat and carbohydrate, recent 1nvest1gatlons have 
suggested that prote1n, 1n the form of amino aC1ds, may contr1bute 
qU1te slgnif1cantly to the energy requ1rements dur1ng prolonged 
exerClse. 
Lemon, Dolny and Sherman (1982) exerc1sed 10 athletes on a 
treadmill for 27km at 707. V02 max. They found that the run resulted 1n 
a slgnif1cant rise in urea excret1on, suggest1ng either prote1n 
catabolism and/or am1no acid oX1dat1on. They cla1med that the 
magnitude of th1s prote1n ut1lisation was st111 only 1n the reg10n of 
25 grammes - half of most recommended daily intakes. 
Renn1e, Edwards, Krywawych, Dav1es, Hall1day, Waterlow and M1llward 
(1981) exam1ned 4 males runn1ng at 507. V02 max for 3.75 hours. They 
found a slgn1f1cant increase in protein turnover, 1nvolv1ng an 
increase in amino acid metabolism and prote1n breakdown, along with a 
fall in protein synthesis. Renn1e et al (1981) stated that although 
protein 1S not the pr1mary fuel for muscular work, there is a large 
exercise 1nduced r1se 1n the rate of amino aC1d catabol1sm Wh1Ch may 
contribute between 47. and 87. of total energy expenditure. 
Fel1g and Wahren (1971) exam1ned the role of one specif1c am1no 
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aCId alanine - durIng exercise. They found that durIng exercise of 
progressIvely increasing intensIty, alanine increased. ThIs suggested 
Increased synthesis of alanIne in the muscle, and the possibility of a 
glucose-alanIne cycle whereby alanine is synthesIzed In the muscle and 
converted by the lIver into glucose. 
Nevertheless, Costlll (1984) claimed that estImates of proteIn 
metabolism durIng exerCIse should be viewed wIth caution, and stated 
that protein supplementation wIll have little effect on the total 
energy depots for endurance exerCIse. 
g. Carbohydrate MetabolIsm During Exercise. 
As already noted, carbohydrates are stored as glycogen In eIther 
the lIver or the muscles. Due to the rate at which they can provide 
energy, they are the body's preferred fuel durIng exercise. The lIver 
converts glycogen to glucose, releasIng it into the blood stream where 
it is used as a fuel supply for vItal organs, whilst also 
supplementIng the energy supply to the workIng muscles as muscle 
glycogen stores are used. 
InvestIgation Into the glycogen content of human muscle became 
easier with the development of the needle bIOpSY technIque. In a 
methodological paper describIng this technique, Hultman (1967) found 
that 967. of healthy human subjects had glycogen contents in the 
quadriceps ranging from 0.95 to 2.0 grammes per 100 grammes of wet 
muscle. SImilar values have been found by a number of other 
InvestIgators, including Pernow and Saltln (1971) who found glycogen 
contents of 1. 17g/100g wet muscle In the quadriceps of healthy males. 
However the total carbohydrate store In man IS lImited. AccordIng 
to Newsholme (1982) a 70kg man posesses approximately 2,600 kcal of 
carbohydrate. ThIS is In comparison to the total fat stores of 
approXImately 84,000 kcal. Thus It IS clear that SInce carbohydrate is 
the body's preferred fuel, problems WIll arise during endurance 
exerCIse due to its lImited suply. Unless, as Newsholme (1977) stated, 
there is a senSIble regulatory mechanism, ensurIng that both fat and 
carbohydrates are used in the right amounts to ensure optimum 
performance, the body WIll exhaust ItS carbohydrate stores after about 
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two hours of hard submaxlmal exercise. 
h. Regulatory Mechanisms For Fat and Carbohydrate Metabolism. 
The possible eXlstance of a regulatory glucose-fatty acid cycle was 
first proposed by Randle, Garland, Hales and Newsholme (1973). Fatty 
aCid OXidation results in the formation of cltrate, which has an 
inhibitory effect on phospho-fructo-klnase (PFK) , one of the main 
rate-limiting enzymes In glycolYSIS. Therefore fat can regulate as 
well as supplement the metabolism of carbohydrates during exercise. 
This concept was eVldent In the results of Maughan, WIlliams, 
Camp bell and Hepburn (1978) who looked at 4 males cychng at 50% V02 
max. They found an Inverse relationship between muscle glycogen 
content and plasma FFA concentrations, suggesting that a regulatory 
glucose-fatty acid cycle eXlsts. 
I. Muscle GIycoQen Uti 11 sabon DunnQ Prolonged Exerci se. 
Many studies have examlned the depletion of muscle glycogen stores 
during prolonged submaxlmal exercise, and it IS generall y accepted 
that thiS depletion is a major cause of fabgue. 
Evidence that muscle glycogen IS depleted in a trl-phaslc manner 
has come from Bergstrom and Hultman (1967) and Taylor, Lappage and Rao 
<1971> • 
Bergstrom and Hultman (1967) performed repeated 15 minute work 
periods on 8 male subjects until exhaustion. 15 minutes rest was 
allowed between work periods, during which time muscle biopSies were 
taken. They found that the glycogen breakdown was greatest during the 
first 15 minutes, and then followed a semi-logarithmic disappearance 
pattern to zero, at which pOint the ability to continue exercise was 
lost. Bergstrom and Hultman (1967) outlined the three phases of 
glycogen diappearance as follows: 
1. An initial rapid decrease 
2. A constant stable decrease. 
3. A slower breakdown due to the low muscle glycogen 
content. Other muscle groups With higher muscle glycogen contents may 
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be brought into use. 
Taylor et al (1971) exercised 27 subjects to exhaustion on a 
bicycle ergometer at between 60% and 80% V02 max. Muscle biopsies were 
taken from the vastus lateralis pre-exercise, and every 20 minutes 
during exercise. They found, like Bergstrom and Hultman (1967), that 
glycogen was depleted In a triphasIc manner, With most depletion 
occurlng In the first 20 minutes of exercise. 
Many Investigators have reported a close relationship between 
Initial muscle glycogen content and the capacity to perform prolonged 
submaxlmal exercise. These include Ahlborg, Bergstrom, Brohult, 
Ekelung, Hultman and Maschlo (1967) who reported that no other 
phYSiological factors showed changes of such magnitude as to have a 
limiting effect on performance. 
In 9 males cycling to exhaustion at 
Hermansen, Hultman and Saltln (1967) found 
between Initial muscle glycogen content 
exhaustion. 
75% V02 max, Bergstrom, 
a correlation of 0.92 
and exercise time to 
Similar results were found by Hermansen, Hultman and Saltln (1967) 
with 20 subjects cycling to exhaustlon at 77% V02 max. They concluded 
that at high relative workloads, the glycogen stores of the working 
muscle will limit the capacity for prolonged strenuous work. 
J. Depletion Patterns of Muscle Glycooen. 
Within the working muscle, Gollnick, Armstrong, Saubert, 
Sembrowich, Shepherd and Saltin (1973) examlned glycogen depletion 
patterns from both slow and fast twitch fibres. Ten males cycled at 
65% V02 max for three hours or until exhaustion, whichever came first. 
Muscle biopSies were taken frequently throughout the exercise period, 
and analysed for both fibre type and glycogen content. Total muscle 
glycogen was low at the end of exercise. The slow twitch fibres were 
the first to become depleted, but as exercise progressed, Gollnlck et 
al (1973) also reported depletion from the fast twitch fibres. It was 
suggested that there was a preferential utilisation of slow tWitch 
fibres during the early stages of exerclse, With a secondary 
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recruitment of fast tW1tch fibres as these become depleted. 
In an investigation of runn1ng as opposed to cycl1ng, Cost1ll, 
• 
Gollnick, Jansson, Salt1n and Stein (1973) b10psied 9 males before and 
after a 30 km race. They found that the slow tW1tch fibres of the 
quadriceps were depleted, but there was only a small amount of muscle 
glycogen deplet10n from the fast tW1tch fibres. They suggested that 
there may be a different f1bre recruitment pattern 1n running as 
opposed to cycl1ng, as 1n runn1ng the load on the quadriceps may be 
less. There was cons1derable muscle glycogen left 1n the quadr1ceps at 
the end of the race, so Cost1ll et al (1973) quest10ned the llkelihood 
of a simple muscle glycogen-performance relationship. They attr1buted 
the fall 1n runn1ng speed at the end of the race to an 1nabil1ty to 
recruit the fast twitch fibres which st1ll conta1ned muscle glycogen. 
To exam1ne the depletion patterns of d1fferent muscle groups Wh1lst 
runn1ng, Cost111, Sparks, Gregor and Turner (1971) b1ops1ed the vastus 
lateral1s and/or soleus of 5 males during a 16.1 km treadmill run at 
80% V02 max. The greatest deplet10n was from the soleus, and compared 
I to cycling, one hours runn1ng at 80% V02 max appeared to result 1n 
much less muscle glycogen deplet10n from the vastus lateral1S. 
These results were supported by a similar later investigat10n from 
Cost1ll, Jansson, Gollnick and Salt1n (1973), who exam1ned the muscle 
glycogen content of the vastus lateral1s, soleus and gastrocnemius 
dur1ng two hours of runnng at 75% V02 max e1ther on the flat or up a 
60 1ncl1ne. Initial depletion of the slow tW1tch f1bres was again 
noted in each of the muscles, but despite the same relat1ve work 
intenSity, all three muscles demonstrated much greater muscle glycogen 
depletion when running Uph1ll. Th1S was most eV1dent in the vastus 
lateralis. Furthermore, during running it appears that most muscle 
glycogen depletion occurs in the calf muscles. Costill et al (1973) 
h1ghl1ghted the importance of appreciating the exercise Intens1ty on 
the muscle Itself, rather than that on the whole body. 
An 1nterestlng examination of cross-country sk1ers by Bergstrom, 
Hultman and Salt1n (1973) during an 85 km ski race found that there 
was ample muscle glycogen 1n the legs at the end of the race, but in 
contrast almost complete muscle glycogen depletion had occured in the 
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arms. 
The llkelihood of dlfferentlal glycogen depletion patterns both 
between muscle groups and within the muscles themselves may help 
explaln some of the confllcting evidence as to whether exerClse can 
fully deplete muscle glycogen stores. 
Bergstrom and Hultman (1967) stated that depletlon of muscle 
glycogen occurs until values reach zero, at whlch pOlnt the ability to 
continue exercise is lost. However Ahlborg, Bergstrom, Brohult, 
Ekelung, Hultman and Maschlo (1967) claimed that in contlnous 
exercise, total emptYlng of glycogen stores IS difficult. After 
exercIsing 24 subjects to exhaustion on a bicycle ergometer at 
Intensltles equivalent to 857. of workloads producing a heart rate of 
170 beats per minute, muscle glycogen stores were still 23 percent of 
their pre exercise values at the end of exercise. 
In general, there appears to always be some amount of muscle 
glycogen left even at the end of of the most prolonged and exhaustive 
exerCise. Pernow and Saltln (1971) found values of O.3g/kg muscle 
after subjects had cycled with one leg for 1.5 hours; there was thus 
still some muscle glycogen left desplte a drop from the pre-exerclse 
values of 11.7g/kg. Similarly, other investigators, including 
Hermansen, Hultman and Saltln (1967) have noted low, but never a 
complete absence ot muscle glycogen at the end of prolonged exerClse. 
k. Muscle Glycogen Concentrations In Trained and Untrained Athletes. 
Because of the relationship between initial muscle glycogen levels 
and work capacity, interest has been focused on whether or not 
tralning can alter muscle glycogen levels. 
In their study of males cycling at 657. V02 max for three hours, 
Gollnlck, Armstrong, Saubert, Piehl and Saltin (1972) dlvlded the 
subjects into trained and untrained groups. The trained group had 
initial muscle glycogen levels of 182 mM glucosyl units per kilogramme 
of wet tlssue, compared to the untrained groups' 96 mM glucosyl 
units/kg wet tissue. Thus this suggests that trained athletes pose ss 
higher muscle glycogen stores than untrained athletes. 
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Piehl, Adolfson and Nazar (1974) further investigated thlS clalm by 
Gollnick et al (1972). To see whether or not differences In muscle 
glycogen concentratlons between tralned and untrained muscle were 
caused by d1fferences in diet, or by some localized training effect, 
they trained one leg of 6 males, then took muscle blopsies before 
exercise to exhaust1on, and dur1ng the first 46 hours of recovery. 
During the recovery perlod, subjects were fed a h1gh carbohydrate 
d1et. 
Prior to exercise, muscle glycogen was h1ghest in the trained leg, 
which had h1gh glycogen synthase I activity (GSI). They therefore 
claimed that this 1ncreased GSI activity must be due to the training. 
However during the recovery per1od, the rate of glycogen synthesls was 
the same in both legs. 
However 1n contrast to th1s, Hermansen, Hultman and Saltin (1967) 
found no difference 1n the rest1ng muscle glycogen levels in trained 
and untra1ned groups of subjects. Furthermore, Karlsson, NordesJo and 
Saltin (1974) trained a group of f1ve males for two months, and 
actually found that resting muscle glycogen levels were sIgnificantly 
lower after the perlod of tra1nlng. Perhaps to compensate for th1S, 
they found that the rate of glycogen breakdown during exercise was 
lower after traln1ng. Th1S is a suprls1ng f1nding, and is in contrast 
with the maJOrlty of other available evidence. 
Having hIghlIghted the importance of h1gh muscle glycogen stores in 
relatlon to work capacity, the next sectIon of this review examines 
ways In Wh1Ch these stores can be increased, In order to both improve 
performance and aid recovery after prolonged exercise. 
2.5 THE INFLUENCE OF CARBOHYDRATE DIETS ON ENDURANCE PERFORMANCE. 
a. Background. 
The importance of high carbohydrate dIets for prolonged athletIc 
performance was f1rst highl1ghted in a number of studies by Krogh and 
w 
L1ndard (1920). In one of them, SlX subjects consumed diets 
A 
deficient in proteIn, comb1ned wIth either fat or carbohydrate. Krogh 
and Llndard (1920) reported that the work time to exhaustion was 
~ 
shorter when the fat-protein diet was eaten when compared to the 
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carbohydrate-protein diet. They concluded that durIng exercIse and at 
rest, the body"s choice of fuels is influenced by the precedIng diet. 
The Importance of an adequate fuel supply to maintain the ability 
to continue exercise was hIghlIghted by DIll, Edwards and Tal bott 
(1932). Their famous experIment on a dog showed that by supplYIng 
glucose every 25 minutes, the dog was able to run 132km in 17 hours on 
a treadmill, with a total ascent of 23km. When the experiment was 
repeated without the glucose supply, the distance covered was reduced 
by one-third. 
Perhaps the most famous of the early studies Into the influence of 
diet on metabolism was by Chrlstensen and Hansen (1939; cited by 
Astrand and Rodahl, 1977). TheIr subjects exercised to exhaustIon on a 
cycle ergometer at 67% V02 max. They then consumed either a low or 
high carbohydrate dIet for the following 3 to 4 days, after which the 
exercise bout was repeated. The time to exhaustion was 240 mInutes 
after the hIgh carbohydrate dIet, but only 90 mInutes after the fat 
dIet. 
The development of the needle bIopsy technique In the 1960"s 
heralded the start of a great deal of InvestIgation into the influence 
of diet and exercIse on muscle glycogen concentrations. 
In the now well documented study by Bergstrom and Hultman (1966), 
two subjects worked together on eIther sIde of the same bIcycle 
ergometer, cycling one leg to exhaustIon. At this point muscle 
bIopsIes were taken from both workIng and resting legs. They then both 
consumed hIgh carbohydrate diets for the following three days, havIng 
muscle biopsies from both legs on each day. At exhaustIon, muscle 
glycogen had reached low levels in the exerciSIng leg, but was still 
normal In the restIng leg. After only one day on a high carbohydrate 
dIet, muscle glycogen levels had rIsen above those in the resting leg. 
They then continued to rise to tWIce the concentrations found in the 
resting leg over the next two days. 
Bergstrom and Hultman (1966) concluded that this supercompensatlon 
of muscle glycogen must be due to some localized factor in the workIng 
muscle, otherWIse a correspondIng rIse in muscle glycogen in the 
restIng leg would also have occured. 
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In an attempt to obtain the hlghest posslble muscle glycogen 
stores, Ahlborg, Bergstrom, Brohult, Ekelung, Hultman and Maschlo 
(19671 fed subJects dlfferent dlets after exercise to exhaustlon on a 
. 
cycle ergometer. They found that the greatest supercompensatlon 
occured when subjects ate a dlet high in fat and protein for the three 
days lmmedlately after exercise, exercised to exhaustlon agaln, then 
ate a high carbohydrate dlet for varying lengths of tlme. Ahlborg et 
al (19671 found that muscle glycogen levels rose to 1927. of pre TrIal 
1 concentratlons after 3 days, and were still rising when thls dlet 
was contlnued for 7 days. In addltion, the exercise tlme to exhaustlon 
after the carbohydrate diet was 1567. longer than Trlal 1. 
Hultman and Bergstrom (19671 compared three forms of dletary regimen 
on 19 sUbJects. These were elther starvation, a hlgh fat/proteln dIet, 
or a high carbohydrate dlet. Both starvatlon and the fat/protein diet 
resulted In a drop In muscle glycogen 
exercise. Followlng exercise lnduced 
concentrations, even without 
depletlon of muscle glycogen 
stores In one leg, resynthesis was extremely slow whilst consuming the 
fat/protein diet, and lnitlal muscle glycogen levels had stlll not 
been reached after one week. This was despite the fact that it was 
isocalorlc when compared to the carbohydrate dlet, whlch In turn led 
to rapid re synthesis of muscle glycogen stores. After 5 days of the 
carbohydrate dlet, muscle glycogen values exceeded normal by 1007.. As 
with the earlier work by Bergstrom and Hultman (19661, the factor 
causing this supercompensation was considered to be localized to the 
worklng muscles, Slnce the restlng leg showed no change in muscle 
glycogen. 
Thus this early work into the influence of 
on muscle glycogen stores led to Astrand 
diet/exercise patterns 
(1967al recommending a 
speciflc regimen for sportsmen before competing in endurance exerClse. 
He stated that one week before an event, they should exercise to 
exhaustion followed by three days on an exclusive fat and protein 
diet. Then for the remalnlng perlod leadlng up to competltlon they 
should change to a diet containing mainly carbohydrates. 
In one of the few studies to examine the effect of carbohydrate 
loading on running, Boforth, Hodgdon and Hllderbrand (19801 exercised 
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subjects to exhaustIon on a treadmill at 807. V02 max. ThIs was 
performed tWIce, 8 weeks apart, followIng either a non-loadIng or 
loadIng diet programme. The loading phase consisted of three days of 
depletion, running 14, 6, and 4 mIles on consecutive days whilst 
consuming only 32g 01 carbohydrate a day. This was followed by three 
days of a hIgh carbohydrate diet (2 days of 553g of carbohydrate per 
day, and one of 353g carbohydrate per day). 
Subjects demonstrated a sIgnificant Improvement in exercise tIme to 
exhaustion of 97. (10.8 mlns), consIderably less than some of the 
improvements seen in cyclIng studIes. 
In a further examInatIon of the Influence of carbohydrate loading 
on running by Hall, Braaten, Bolton, Vranlc and Thoden (1983), 7 
subjects were asked to attempt to run a treadmIll marathon after 
eIther normal mixed or hIgh carbohydrate lsocalorlc diets. The 
treadmIll speed was constant, and set at a speed equIvalent to a 3 
hour marathon (3.90 m.sec- i ) for all sUbJects. 
When the runs were preceded by three days on a normal dIet, 
subjects were able to run 21.4 miles. However, when the tradItIonal 
carbohydrate loadIng regimenof 3 days hIgh fat dIet then 3 days high 
carbohydrate was consumed, the subjects were able to run 24.0 miles 
before exhaustIon (an Improvement of 12.17.). 
Balbo, HoIst and Christensen (1980) ran 7 males In repeated 
exercIse periods on a treadmill at 707. V02 max. Each period lasted 30 
minutes, wIth 10 mInutes rest untIl subjects were exhausted. ThIS was 
preceded by eIther high fat or hIgh carbohydrate diets. Balbo et al 
(1980) found that run tIme to exhaustIon was 106 mInutes after the 
carbohydrate diet, but only 64 mInutes after the fat diet. 
The previous studIes have examined the influence of hIgh 
carbohydrate diets In prolonging endurance capacity. In an attempt to 
investigate the effect on performance, Karlsson and Saltln (1971) 
tWIce ran ten subjects in a 30km race, with and without a high 
carbohydrate dIet. 
SIX subjects performed Trial 1 after a CHO diet, the remaining four 
consuming a normal mixed dIet. The reverse procedure was then repeated 
before Trial 2. Muscle glycogen levels In the quadriceps were 35g/kg ww 
after the high carbohydrate dIet, 17g/kg after the mixed diet. All 
subjects produced their best performance after the carbohydrate 
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reg1men, with improvements occur1ng in the latter part of the race when 
the in1t1al pace was maintained for longer. It was found that subjects 
who first started to demonstrate a drop in pace had the lowest init1al 
muscle glycogen stores. Thus Karlsson and Saltin (1971) concluded that 
1ncreasing the muscle glycogen content by dietary regimens could 
improve performance in an endurance event. 
Nevertheless, closer examinat10n of this study reveals that the two 
groups were made up of e1ther elite runners or phys1cal education 
students. The elite runners comb1ned theIr hIgh carbohydrate dIet with 
the organlsed race, thus the added stImulus of competitive conditions 
to subjects used to racing may have had an influence on performance 
which is dlfficult to separate from the effect of the diet. 
b. The Rate of Muscle Glycogen Repletion after Exhaust,ve Exercise. 
One of the first studies to exam1ne the tlme course for muscle 
glycogen resynthesis after exerC1se was by Piehl (1973). She followed 
two hours of exercIse wIth 46 hours of a hIgh carbohydrate dlet (60% 
carbohydrate). The results showed that 60% of the total post exerClse 
1ncrease In muscle glycogen occured wIthin 10 hours of depletlon, 
durlng which perlod the entIre carbohydrate lntake was converted to 
glycogen. Subsequently, the rate of repletIon fell, and restIng levels 
were agaln reached by 46 hours. 
This pattern of muscle glycogen repletion has also been observed by 
Kochan, Lamb, Perrlll, Reimann and Schlender (1979). After 60 minutes 
of cycllng at 75% V02 max, they noted that subjects demonstrated a 
biphasic muscle glycogen repletion response. Rates were most rapid 
over the first 24 hours, by Wh1Ch time normal values had been reached. 
Repletion then continued at a slower rate, and muscle glycogen stores 
were still increasing for as long as 96 hours post-exercise. 
MacDougall, Ward, Sale and Sutton (1977) examined the rate of 
muscle glycogen repletIon after repeated intermittant cycling at 140% 
V02 max. They took muscle biopSies from 6 subjects before and after 
exercise, and 2, 5, 12 and 24 hours into the recovery period, which 
were analysed for glycogen. During the recovery, 3 subjects were fed a 
mixed control diet, whilst the other 3 ate the same d1et plus 2,500 
kcals of carbohydrate. After exercise muscle glycogen was 28% of Its 
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pre-exercise value for both groups. Th1S had risen to 507. after 5 
hours, with pre-exerc1se levels being reatta1ned after 24 hours of 
recovery, with no difference 1n the rate of resynthesis being seen 
between the two groups. Thus MacDougall et al (1977) concluded that 
the rate of repletion cannot be accelerated by a h1gher than normal 
carbohydrate 1ntake. 
c. Repletion Without Carbohydrates. 
The need for a h1gh carbohydrate diet as well as exerC1se to 
promote h1gh rates of muscle glycogen repletion was h1ghl1ghted by 
Maehlum and Hermansen (1978). F1Ve subjects cycled to exhaust10n at 
757. V02 max, then rested for 12 hours w1th no food, dur1ng which t1me 
muscle biopsies were taken at regular intervals. 
Muscle glycogen concentrat1ons fell from 70.4 mM glucosyl un1ts 
kg-' wet weight to 21.6 mM glucosyl un1ts kg-' wet we1ght dur1ng 
exerC1se. Four hours 1nto the recovery period, muscle glycogen 
concentrations had risen to only 28.8 mM glucosyl units kg-' wet 
we1ght and furthermore showed no further 1ncrease over the next e1ght 
hours. They suggested that w1thout hepatlc gluconeogenes1s, even th1s 
modest replet10n would not have occured. Thus these results 
highlighted the need for a h1gh carbohydrate d1et 1n conJunct1on w1th 
exercise, to achieve the highest rates of carbohydrate 
supercompensat1on. 
d. Methods of Ach1eving Glycogen Supercompensation. 
The posltive benefits which can be obta1ned 1n endurance events by 
elevated muscle glycogen stores have resulted 1n cons1derable use of 
carbohydrate loading reg1mes by endurance athletes. As 1mportant as 
ach1ev1ng the desired glycogen supercompensat1on 1S the need to 
minim1ze the risk of injury and d1sruption of the athletes' 
pre-competit1on preparation. Thus the 'trad1tional' methods of high 
fat/proteln d1ets and long deplet10n runs, as already described, may 
not always suit compet1tive sportsmen. 
In an attempt to f1nd a more practical way of carbohydrate loading, 
Sherman, Cost1ll, Fink and Miller (1981) exam1ned var10US regimes of 
depletion runs and diets in the build up to a 13 mile performance 
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test. The sequence of runs started six days before the performance 
test, and Involved running at 73% V02 max on a treadmill for 90, 40, 
40, 20 and 20 minutes on each of the followlng flve days. Subjects 
then rested on the slxth day. They repeated this procedure three 
tlmes, under the following three different dietary condltl0ns: 
Trial 1 Three days low carbohydrate; 3 days high carbohydrate. 
Trial 
carbohydrate. 
2 Three days moderate carbohydrate; 3 days high 
Trlal 3 SlX days moderate carbohydrate. 
Dletary carbohydrate content was 15%, 50% and 70% for the low, 
moderate and hlgh carbohydrate groups respect1vely. 
Muscle bl0psles taken before the diets and before and after the 
performance run revealed that Tr1als 1 and 2 both resulted In large 
increases In muscle glycogen, wlth a lesser 1ncrease belng observed 
wlth Trlal 3. Thus the 'low phase' used in Trlal 1 did not result 1n 
any greater supercompensat1on than Trlal 2. 
Signlflcantly more carbohydrate was used durlng the 13 mlle run 
after Trlals 1 and 2 compared wlth Trlal 3 (ie when runners had high 
muscle glycogen concentratl0ns), but there was no difference In Spllt 
tlmes or flnal tlmes between the three trlals. Sherman et al (1981) 
concluded that muscle glycogen supercompensat1on can be achieved wlth 
exerclse-dlet reglmes more moderate than those previously used. Slnce 
muscle glycogen concentratlons were h1gher before exercise after 
Trials 1 and 2, but post-exercise levels were the same, Sherman et al 
(1981) concluded that Inltial muscle glycogen concentrations must 
Influence the amount used during exerC1se. 
They also concluded that for tra1ned runners, carbohydrate loading 
appears to have no benef1t for performance in a 13.1 mlle (20.9km) 
race. They stated however, that the effect on distances above 13.1 
miles requires further 1nvestlgatlon. 
Thus it would seem that muscle glycogen supercompensation can be 
achieved without some of the extreme diet and exercise reg1mens 
proposed as a result of earlier studies. Thls may be of benefit to 
athletes, who are unwllllng to risk illness and injury in the days 
prece';dlng an important competltion. 
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e. The Process of Glycogen SynthesIs. 
Danforth (1965) studied the mechanism by WhICh glycogen synthesIs 
occurs in the muscle. The primary enzyme concerned wIth thIS process 
is glycogen synthase, WhICh occurs In two inter-convertible forms: 
Synthase I acts Independently of glucose-6-phosphate (G6P) , whilst 
synthase D is dependent on G6P for ItS actIvity. Of the two, hIgher 
concentratIons of synthase I most favour glycogen synthesis. Danforth 
(1965) suggested that the distribution of the two forms is related to 
the tIssue concentratIon of muscle glycogen In such a way that 
synthesis is favoured when concentrations are low, but IS slowed when 
concentrations are high. Low muscle glycogen levels appear to act as a 
stimulus to muscle glycogen synthesIs by favouring the conversion of 
synthase D to synthase I. 
In a study by Kochan, Lamb, Lutz, Perrill, Reimann and Schlender 
(1979) subjects depleted muscle glycogen In one leg by cycling at 757. 
V02 max for one hour. Glycogen synthase was found to increase rapIdly 
after exerCIse, although there was no signIficant difference in the 
actIvity ratios of I and D forms between the exerCIse and non-exercise 
legs. Kochan et al (1979) suggested that that some intermedIate form 
of glycogen synthase may present WhICh IS highly sensitIve to G6P. 
Evidence to suggest glycogen synthase in the skeletal muscle 
response to carbohydrate adminIstratIon came from Nuttall, Barbosa and 
Gannon (1977). They fed 5 males a glucose SolutIon, then biopsIed them 
60 mInutes later. The results showed an increase In the relative 
concentration of glycogen synthase after the glucose had been given. 
The importance of InsulIn In muscle glycogen synthesis has been 
investigated, since Insulin also converts synthase D to synthase I. In 
a study by Chen, Ianuzzo and WIlliams (1977), the muscle glycogen of 
dIabetIC and non-diabetIC rats was reduced by treadmIll running. Four 
hours post-exerCIse, both groups had attained normal muscle glycogen 
concentrations; however only the non-dIabetic rats demonstrated any 
SIgns of supercompensation. 
Maehlum, Hostmark and Hermansen (1977) studied muscle glycogen 
repletion in dIabetic and non-dIabetic humans after cycling at 707. V02 
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max to exhaustion. They noted a marked increase In synthase I activity 
after exercise, but with no difference between the two groups. They 
concluded that insulin is less likely to be a cause of synthase I 
formation than low muscle glycogen levels. 
The possibility that lactic acid can be resynthesized into muscle 
glycogen has also been a topic of Investigation. 
A study by Hermansen, Vaage, Willlams, Helland and Nllsen (1975) 
suggested that lactate may well play a part in the initial syntheSIS 
of muscle glycogen after exercise. After three one minute bouts of 
maximum exercise on a bicycle ergometer, they found that little 
lactate escaped from the muscle during the first 30 minutes of 
recovery, Whilst muscle lactate concentrations fell. During thiS time, 
muscle glycogen Increased from 51.0 to 60.2 mM kg/wet tissue. 
Brooks, Brauner and Cassens (1973) looked at the hypothesIs that 
post-exercise oxygen consumption is attributed to a conversion of 
lactate Into glycogen. They performed a one hour graded treadmill run 
on rats, followed by a sprint to exhaustion. Lactate levels were 
normal 15 to 30 minutes post-exercise, but there was no indication of 
muscle glycogen syntheSIS. They concluded that a large volume of 
expired carbon diOXide indicated the primary fate of lactate was 
oxidative. 
In contrast, Hermansen and Vaage (1977) found that during the first 
thirty minutes of recovery after Intermittent maXimal exercise, the 
disappearance of lactate from the muscle and the synthesis of glycogen 
COinCided In terms of both time course and magnitude. They reported 
that only 107. of lactate disappearing from the muscle appeared In the 
blood, whilst glucose uptake from the blood could only account for 57. 
of the glycogen synthesised. They therefore concluded that a major 
proportion of the lactate which disappears from muscle is metabolised 
within the tissues. 
In a Similar study presented by Vaage, Newsholme, Gronnerod and 
Hermansen (1978) again studied muscle lactate dlssapearance and muscle 
glycogen synthesis in the first 30 minutes of recovery after 
intermittent maXimal exercise. They found that lactate dl_sapeared 
qUlckl~ an~desplte no uptake of glucose, there was rapid syntheSIS 
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of glycogen. Thus this supported the concept that the conversion of 
lactate to glycogen plays at least a small part In glycogen synthesis 
in the early stages of recovery after exercise. 
f. Types of Dietary Carbohydrate. 
There are two basIc forms of dietary CHO: those which are termed 
complex, such as starches, and those termed simple, such as glucose. 
There IS evidence to suggest that the type of CHO consumed can 
Influence the amount of glycogen stored In the muscles, and also the 
rate at which it is broken down during exercise. 
In a study by Costlll, Sherman, Flnk, Maresh, Witten and Miller 
(1981), six males ran 16.1km at 80Y. V02 max to reduce thelr muscle 
glycogen stores. For the following two days, subjects consumed 650g of 
CHO per day, either in the form of starch or glucose. For the first 24 
hours, both groups showed the same rates of repletion, but after 48 
hours the starch resulted in significantly greater glycogen synthesis 
than the glucose diet. 
Having fed subjects on identical diets apart from the type of CHO 
consumed, Hodges and Krehl (1965) found that complex CHOs resulted In 
greater elevation of serum insulin levels compared to simple CHOs. 
Since it is known that Insulin IS an activator of glycogen synthase, 
Costll1 et al (1981) based their findings of Increased muscle glycogen 
storage after complex CHO consumption on the possibility of higher 
Insulin levels causing greater glycogen synthase activity. 
g. Optimum Levels of Carbohydrate Intake. 
Evidence that there is an upper limit above which extra CHO intake 
does not result in any extra increase In muscle glycogen stores has 
been presented by Blom, Vaage, Kardel and Hermansen (1980) and 
Costill, Blom and Hermansen (1991). 
Blom et al (1980) gave 12 males either 0.7, 1.4 or 2.0 grammes of 
glucose per kilogramme of body weight every second hour during the 
first 8 hours of recovery after cycling at 75Y. V02 max to exhaustion. 
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The mean rates of resynthes1s were 2.3, 4.6 and 5.6 mM glucosyl un1ts 
per kilogramme of wet t1ssue per hour respect1vely. Th1S prov1ded 
evidence to suggest that the rate of glycogen repletion slows down as 
glucose uptake increases beyond certain levels. Thus they claimed that 
there must be a certain p01nt beyond Wh1Ch any extra CHO falls to 
result in any substant1al 1ncrease in the rate of muscle glycogen 
synthes1s. 
Slm1lar find1ngs to this came from Costill, Blom and Hermansen 
(1981), who looked at the rates of replet10n in trained and untra1ned 
legs of the same subjects after exercise. They found that there was no 
additional muscle glycogen storage 1n the untrained legs after the 
second day of CHO consumpt10n, Wh1lst only 84Y. of pre exerC1se muscle 
glycogen levels were reached 1n the trained leg after three days. 
Cost111 et al (1981) cons1dered the reason for thIs to be the large 
quant1ties of CHQ Wh1Ch they fed the1r subjects - in excess of 600g 
per day - Wh1Ch may somehow have 1nhib1ted full muscle glycogen 
resynthes1s. 
h. Possible D1sadvantages of Carbohydrate Load1ng. 
One of the problems exper1enced by athletes with 11m1ted 
nutr1t10nal knowledge 1S the inabil1ty to consume d1ets conta1ning 
suff1c1ent CHQ. Wootton, Shorten and W11liams (1981) attr1buted part 
of the failure of some sportsmen to 1mprove their performance after 
CHO load1ng to 1nadequate d1etary manipulation. Th1rteen act1ve 
individuals were asked to follow low and high CHQ dietary reg1men~ 
monitoring the1r diets by we1ghing their dally food intake. The 
results showed that all subjects were able to restrict the1r CHO 
1ntake on the low phase, but unable to 1ncrease the1r CHQ intake above 
normal levels on the high phase. Furthermore, changes 1n CHO intake 
were accompan1ed by large 1ncreases in total energy 1ntake. 
In a published letter to the Amer1can Med1cal Association, M1rkin 
(1973) raised doubts as to the advisability of CHQ load1ng for older 
runners, especially those with coronary problems. He based his 
statements on the case of a 40 year old male who, hav1ng previously 
suffered from cardiac problems, took the high fat! prote1n phase to 
, 
extremes by eat1ng large volumes of cheese, and did the same on the 
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high CHQ phase with bread. The result was that he developed chest' 
pains and abnormal ECG readings just prior to racing. Mlrkln (1973) 
associated thiS with the diet, although had the subject been less 
extreme In hiS methods, the problems may not have arisen. 
Sharman (1981) questioned the value of high CHQ diets, and In 
particular the number of times the regime can be used by the same 
person with the deSired effects. He also stated that the weight gain 
associated With the high CHQ phase may be detrimental to performance. 
I. The Effect of Carbohydrate Loading on Metabolism During 
ExerCise. 
As well as the shift in favour of glycogen metabolism dUring 
exercise after a CHQ loading regimen, a number of Investigators have 
reported secondary metaboliC changes follOWing the consumption of high 
CHQ diets. 
Rennle and Johnson (1974) studied SIX long distance runners during 
a regimen of exercise and high CHQ diets. They examined metaboliC and 
hormonal changes during a 90 minute, 15 mile run, With and without CHQ 
loading. 
After a high CHQ diet, Rennie and Johnson (1974) found that blood 
glucose, blood lactate and blood pyruvate were all significantly 
higher when compared to the run on a normal diet. Plasma insulin 
levels were also higher and fell at a slower rate. In contrast, plasma 
FFA and blood glycerol concentrations were lower. 
They claimed that these results are consistent with an increased 
metabolism of CHQ during exercise, reflecting a rise in glycolysis due 
to the extra availability of muscle glycogen. 
Bo~h the absolute and the change in FFA values were lower after the 
high CHQ diet, pOSSibly due to a suppression of lipolysis by Increased 
Insulin, glucose and lactate. Rennle and Johnson (1974) claimed that 
if a high CHQ diet spares llpids In the early stages of exercise, this 
may be beneficial at a later stage when muscle glycogen is normally 
significantly reduced. 
The authors put forward two possible reasons for the higher blood 
glucose concentrations after the CHQ diet; firstly glucose may be 
elevated due to a rise in glucose output from the liver, or 
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alternatively may be due to a drop In glucose uptake by the muscle 
because of the extra avaIlability of muscle glycogen. 
In an examInatIon of the effects of the availabIlIty of muscle 
glycogen durIng low Intensity exercise, Maughan, WIlliams, Campbell 
and Hepburn (1978) had four subjects cycle at 50% VD2 max after 
either: 
i. A normal diet 
il. ExercIse induced muscle glycogen depletIon followed by a 
low CHD diet 
iii. A hIgh CHO dIet. 
They found that the respiratory exchange ratIos (R), blood lactate, 
blood pyruvate, blood glucose and trlglycerldes were all lower after 
the low CHO diet. In contrast, and as with Rennie and Johnson (1974), 
they also found that plasma FFA and glycerol concentratIons were lower 
after the CHD dIet. 
Maughan et al (1978) found a dIrect relationshIp between the amount 
of glycogen stored in the work,ng muscles and the percentage of total 
ox,dat,ve energy obtained from CHO. Thus they concluded that the rate 
of glycogen usage is controlled by its avaIlabIlity. 
In addItion, Maughan et al (1978) noted an Inverse relatIonship 
between muscle glycogen content and FFA concentratIons, thus 
indIcating that the rate of lIpolYSIS falls after a high CHO diet, and 
rises after a low CHO dIet. 
EVIdence of Increased CHO oxidatIon after the CHD diet was prOVIded 
by SIgnificantly hIgher R values throughout the exercIse period. 
Further reports of elevated blood lactate levels follOWIng a CHO 
diet have come from Kelman, Maughan and Williams (1975), Klaussen and 
SJogaard (1980), Galbo, HoIst and Christensen (1980), Ivy, Costlll, 
Van Handel, ESSlg, and Lower (1981), and Yoshida (1984). 
Kelman et al (1975) noted that blood lactate was hIgher during 
submaximal cycling at 75% V02 max after a high CHO dIet, whIlst 
Klausen and Sjogaard (1980) found the same relationship during 
repeated bouts of high intensity exercise at 106% VOz max. 
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Balbo, HoIst and Chr1stensen (1980) studied 7 males performing 
repeated 30 m1nute bouts of treadm111 runn1ng at 707. VOz max until 
exhaustion. They claimed that plent1ful CHO stores favour glucose 
oX1dation and lactate production, and supported th1S w1th their 
f1ndings of higher blood lactate and glucose concentrations after the 
high CHO diet. Furthermore, they found a higher rate of muscle 
glycogen deplet10n after the CHO diet. 
Ivy et al (1981) exam1ned the effects of substrate availab1l1ty on 
the lactate threshold dur1ng an 1ncremental work test. Compared to 
control cond1tions, exerC1se where blood glucose was raised resulted 
1n higher lactate levels at all workloads. However there was no 
d1fference 1n the delta values from rest between the two conditions. 
Determ1nat1on of the lactate threshold (the workrate at which blood 
lactate starts to accumulate) aga1n showed that there was no 
d1fference between the two tr1als. 
Yosh1da (1984) examined the effect of 
threshold (Wh1Ch he deflned as the 
CHO d1ets on 
pOlnt where 
the 
blood 
lactate 
lactate 
systematically r1ses above resting levels), and OBLA (the point where 
blood lactate concentrat1ons equal 4 mM). He noted that the lactate 
threshold showed no change, regardless of d1et, whereas OBLA occurred 
at significantly lower runn1ng speeds after a high CHO d1et. Elevated 
R values after the CHO d1et reflected, cla1med Yosh1da (1984), the 
1ncreased oxidat1on of CHO. 
In a study of 44 subjects exerc1sing for 25 m1nutes at 657. VOz max 
after either high fat or CHO diets, Jansson (1980) claimed that even 
after extreme diets, the R value prov1des a very good est1mate of the 
relative contributions of fat and CHO to oxidative metabol1sm. 
Jansson (1980) found that h1gh fat d1ets increase the contribution 
of fat to' metabol1sm during submaximal exercise, and suggested that 
there is an 1nhib1t1on of glycolyS1S Wh1Ch spares CHO, caused by the 
act10n of elevated 1ntra-muscular c1trate on PFK. 
Because of th1S reported spar1ng effect of fat on CHO metabol1sm, a 
number of investigators have looked at the possib1lity of high fat 
diets being used as a means of sparing the body's Ilm1ted stores of 
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CHO to prolong endurance capacity. Some of these stud1es w111 be 
considered in a later section. 
j. The Possible Effects of Glycogen Bound Water During Exercise. 
Olson and Saltin (1970) reported that every gramme of stored muscle 
glycogen 1S assoc1ated w1th between 3.0 and 5.0 grammes of water. They 
took arm and leg biopsies from 19 subjects who followed a 
'trad1t10nal' exerC1se and d1et regimento CHO load. During the four 
day high CHO phase, there was a 2.4kg 1ncrease in body weight, whilst 
body water increased by 2.2 11tres, attributed, cla1med Olsson and 
Saltin (1970) to the extra glycogen stored in the 11ver and muscles. 
Not only is water stored w1th glycogen; it is also produced during 
metabol1sm. Colt, Wang and Pierson (1978) stated that when one gramme 
of glycogen is metabolised, it results 1n 0.56 mls of water being 
produced. Thus 1t could be expected that the extra metabol1sm of CHO 
occuring after CHO load1ng w111 lead to the production of add1t1onal 
body water. 
Astrand and Salt1n (1964) stated that th1S 11berat1on of water 
associated w1th glycogen, and the product10n of water dur1ng 
metabolism may be poss1ble explanat10ns for the r1se 1n plasma volume 
Wh1Ch they found 1n subjects after an 85km Sk1 race. 
Thus there 1S the possibility that as well as prolong1ng endurance 
capac1ty, CHO load1ng may also be benef1cial in maintain1ng body fluid 
levels, offsetting dehydrat10n and aiding thermoregulat1on. 
In an exam1nation of th1S possibility, Plyley, Cost111 and Fink 
(1980) exerc1sed 5 males at 657. V02 max for 45 minutes 1n a hot hum1d 
environment, with or without previous CHO loading. They found that the 
h1gh CHO diet had no effect on rectal, sk1n or deep muscle 
temperatures. In addit1on, Plyley et al (1980) noted a greater drop in 
plasma volume after the high CHO diet than after the control diet. 
Thus they concluded that the water associated with glycogen stores 
has no pos1t1ve benefit on e1ther thermoregulat1on or in offsetting 
dehydration dur1ng endurance exercise. 
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Evidence suggestIng that glycogen bound water does have a posItIve 
effect on fluid balance during exercise has been presented by MacLaren 
and Lanaghan (1983). They exercIsed eIght males on a bicycle ergometer 
at 607. V02 max for two hours after three regimens: 
i. Glycogen loading. 
il. ExercIse with no water. 
lii. Exercise with water every 15 minutes. 
After glycogen loadIng, MacLaren and Lanaghan (1983) found 
SIgnIficantly lower changes In heart rate, oxygen uptake and body 
weIght with respect to both the 'dry' and 'wet' trIals. They concluded 
that the water stored WIth glycogen, and the metabolic water produced 
when it is oxidised, may compensate for the fluid losses which arise 
in endurance exercIse. 
Sharman (1981) referred to a prIvate communicatIon from Newton 
(1980), who monitored the fluid Intake patterns of competito~s in a 
marathon. He found that only 207. of those runners on a high CHO diet 
before the race required drInks, whilst 807. of those who dId not CHO 
load dId take drInks. It also appeared that those who had CHO loaded 
were less dehydrated at the end of the race, sInce they resumed the 
production of a pOSItive fluId balance earlIer than the others. 
2.6 THE INFLUENCE OF HIGH FAT DIETS ON ENDURANCE PERFORMANCE. 
Although a number of the studies already mentioned have reported a 
drop In endurance capacity after high fat diets, the possibility that 
fat can be used to spare CHO durIng the early stages of exercise has 
also received attention. 
Hlckson, Rennie, Conlee, Winder and Holloszy (1977) based their 
investIgatIon of this idea on the fact that one of the adaptatIons to 
endurance training is less rapid depletIon of muscle glycogen as the 
muscle adapts to oxidIze FFA. 
They elevated the plasma FFA concentratIons of rats and compared 
them WIth a control group In a run to exhaustIon on a treadmill. 
Hickson et al (1977) found that the animals WIth the raised FFA levels 
had increased exercise tImes. Furthermore, when examIned at the same 
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point ln tlme at WhlCh the control anlmals stopped runnlng, the 
experimental group had higher blood glucose and muscle glycogen 
concentrations. They also demonstrated a slower rate of muscle 
glycogen utilizatlon throughout the run. 
Therefore, Hlckson et al (1977) concluded that increaslng 
availabllity of FFA seems to lnhiblt glycolyS1S and glucose uptake by 
the muscles, having a CHQ sparing effect WhlCh can offset fatlgue. 
These results are supported 
Holloszy (1976), who reported 
by the findlngs of Rennie, Winder and 
a 507. reductlon ln CHQ utillsation 
during exerClse for rats who had elevated plasma FFA concentrations. 
In a study by Costlll, Coyle, Dalsky, Evans, Flnk and Hoopes 
(1977), slmllar results to those of Hickson et al (1977) were found 
when male subjects with elevated plasma FFA concentratlons ran at 707. 
VOz max on a treadmill for 30 minutes. Costlll et al (1977) observed 
that the elevated FFA caused a 407. decrease ln muscle gl ycogen 
depletlon. ThlS was supported by both lower R values and blood lactate 
concentrations. They attrlbuted this GHQ sparing effect to the 
inhibltory influence of cltrate on PFK. 
The results of a study on humans reported by Haymes, Cooney, 
Konopka and RlggS (1985) found that the consumptlon of hlgh fat dlets 
during three weeks of tralnlng resulted in a decreased utllisatlon of 
CHQ and a reduced endurance capacity when exercising at 857. VOz max. 
This would suggest that although CHO utlllsation is decreased after 
the consumption of hlgh fat diets, the llkelihood that muscle glycogen 
stores are also reduced wlll have a detrlmental effect on performance. 
In an examlnation of the effects of glycerol feedings on 
performance, Mlller, Coyle, Sherman, Hagberg, Costill, Flnk, 
Terblanche and Holloszy (1983) fed elther glycerol or a placebo to 10 
males before exerclslng on a blcycle ergometer where they attempted to 
maximize thelr work output over a perlod of 150 minutes. The glycerol 
ingestlon led to a one hundred fold rise ln blood glycerol, but there 
was no change in R values, plasma lnsulln, FFA or blood lactate 
concentratlons. The only signlficant effect of glycerol lngestion was 
to delay a fall in blood glucose by 30 mlnutes when compared to the 
placebo tnal. Mlller at al (983) suggested the l1kely cause of this 
to be the increased activlty of glycerol as a gluconeogenic substrate. 
In a second study reported in the same paper by Mlller et al 
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(1983), subjects were given either glycerol or a placebo before 
running on a treadmill at 707. VQ2 max for 90 minutes. They found that 
the glycerol had no effect on muscle glycogen utilization during the 
run, and the R values during both runs were similar. 
2.7 SUMMARY 
Therefore It IS clear that there has been considerable 
investigation Into the Influence of diet on endurance performance and 
metabolism. Nevertheless, a number of areas still require further 
examination, whilst many of the questions raised by some Investigators 
remained unanswered. 
Despite the fact that many competitive runners closely adhere to 
pre race diets which are high in CHQ, there is very little available 
eVidence to confirm that CHQ diets can Improve racing performance. 
Furthermore, many of the early stud.es into the influence of diet on 
endurance performance use cycling, rather than running as their 
exercise mode. 
There is also some debate as to the most appropriate pre race diet 
and exercise reg.mensfor optimal muscle glycogen supercompensatlon. 
Early studies such as those by Ahlborg et al (1967) suggested that, 
for a period of three days commencing one week before a race, muscle 
glycogen stores should be depleted by the combinat.on of exhaustive 
exercise and low CHQ diets. This should then be followed by a period 
of rest and high CHQ diets leading up to the race. More recently, 
Sherman et al (1981) have shown that less extreme measures st.ll 
result in satisfactory supercompensat.on of muscle glycogen stores. 
It has also been suggested that high CHQ diets may be detrImental 
to performance, due to such factors as excess weight ga.n and possIble 
cardIac problems (M.rkln, 1973). In contrast, some investigators have 
hIghlIghted a possible secondary advantage from hIgh CHQ d.ets being 
better fluid balance during exerCIse, due to the extra water stored 
with muscle glycogen (MacLaren and Lanaghan, 1983). 
There is also a certain amount of doubt regard.ng both the quantity 
and type of CHQ whIch should be consumed before a race. Costill et al 
(1981) suggested that consumIng complex CHQ results In better glycogen 
storage compared to the consumption of simple CHQ, whilst Blom et al 
(1980) suggest that there is a certain level of CHO consumption above 
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WhICh no further glycogen is stored. 
The physiological factors which influence endurance runnIng also 
require further investigatIon. For many years V02 max has been 
regarded as the most appropriate measure of an IndIvIdual's 'endurance 
fitness', but this is now in doubt as a result of trainIng studies 
WhICh have reported large improvements in performance not reflected by 
changes in V02 max IBland and Williams 1982). Furthermore, the 
endurance characteristics of male and female runners requIres further 
investIgation due to the popular belIef that females possess greater 
endurance capacIties than males, largely because of theIr higher 
percentages of body fat. 
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CHAPTER 3 GENERAL METHODS. 
A detailed descript10n of the specif1c procedures employed for each 
study w111 be given 1n the relevant chapter. However there are a 
number of general methods Wh1Ch are common to all studies, and these 
will be described in th1s chapter in the following way: 
1. EQUIPMENT a. Treadmill 
b. Computer system 
c. Exp1red air collection 
d. Expired air analys1s 
e. Subject we1ght 
f. Blood collection 
g. Blood analysis 
h. Heart rate monitoring 
i. Breathing frequency 
j. Str1de Rate 
k. Env1ronmental conditions. 
2. V02 MAX DETERMINATION. 
3. SUBMAXIMAL RUNNING. 
4. PERCEIVED EXERTION. 
5. SUBJECTS AND LABORATORY PROCEDURES. 
6. STATISTICAL METHODS. 
7. DIETARY ANALYSIS 
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1. EQUIPMENT. 
a. TreadmIll 
The treadmlll used for all studIes was a motorIsed Quinton Model 
24-72. ThIS has a dual speed range of elther 40.2 m.mln-' to 402.6 
m.mln-', or 67.2 m.mln-' to 670.8 m.mln-'. For the the purposes of all 
studies, the lower range was used. In addition, the treadmill has an 
elevatIon gradient rangIng from 07. to 407.. 
b. Computer System. 
The treadmill was linked, Vla a PUPI (Cil Ltd.) general purpose 
interface, lnto a Commodore CBM PET computer (model 4032). The 
computer was in turn linked wlth a Commodore CBM dual dISk drive 
(model 8050), and an Epson FX-80 prInter. When used WIth a programme 
written in our laboratory, thls system allowed continuous monitoring 
of the treadmill speed during experiments. SamplIng occurs at two 
levels: The fIrst, known as the 'outer loop', samples at a tlme 
interval pre-set by the operator; ego 15 seconds, 30 seconds. The 
second, Inner loop, has two separate channels, both of which sample at 
50Hz for 0.4 seconds. An analogue to dIgltal data converter (ADC) 
averages the data over the samplIng perIod to gIve mean voltages for 
either treadmlll speed on one channel, or heart rates on the second 
channel. These voltage values are then converted to S.l. unIts, and 
dIstances covered are calculated from speed and tlme. ApproXImately 
every second, the screen dlsplay IS then updated WIth thIS data. 
DIsplayed on the screen are the dIstance covered In both metres and 
mlles, treadmill speed, heart rates, run time, and distance remaInIng 
to be covered. Once this inner loop is complete, It is either 
repeated" or, if the outer loop has simultaneously ended, the data are 
printed out, and also permanently stored on the dlsk record. 
Before using thIS system, the operator is able to pre-select the 
total distance WhICh the treadmlll wlII cover, and the programme stops 
samplIng once this distance has been completed. In addItion, the 
prIntout and storage of the data allow both a contlnous and permanent 
record of the treadmill runs to be obtaIned. 
c. Explred Alr Collectlon. 
In order to collect explred alr, subjects wore a small nosecllp 
(Harvard Equlpment), and mouthplece (Harvard Equlpment) attached to a 
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lightweight two-way valve. This valve has been des1gned in our 
laboratory and is based on that described by Jakeman and DaV1S (1979). 
Wide bore (30mm) lightweight tUbing (Fulcon1a; Baxter, Woodhouse and 
Taylor) , approximately lm to 1.5m in length, linked the valve to a 
two-way tap (Harvard Equ1pment), which was used to open or close a 150 
litre capacity Douglas bag (Harvard Equipment). 
d. Expired Air analysis 
i.Oxygen analysis. A paramagnetic oxygen analyser (Taylor Servomex 
Model 570A) was used for all studies to measure the oxygen content of 
exp1red a1r. It has a dig1tal readout accurate to 0.17., and works on 
the bas1s of the susceptibility of oxygen to a paramagnet1c gas. The 7 
cal1brat10n procedure for this p1ece of equ1pment 1S described in the 
append1x. 
ii.Carbon Diox1de analysis. An 1nfra-red carbon d10xide analyser, 
(Lira; M1nes Safety Appliances Ltd., L1ra Model 303) was used for the 
analysis of C02 1n expired a1r. The analyser must be used in 
conJunct10n with a converS10n chart which is supplied by the 
manufacturer. The calibrat10n procedure is descr1bed in the appendix. 
i11.Gas Volume meter. Two meters were used to determine gas volumes: 
e1ther a Park1nson Cowan meter (one revolut10n = 50 litres), or a 
Harvard digital dry gas meter. Both meters were cal1brated using a 
6001 Tissot sp1rometer (Coll1ns Ltd.). 
A thermistor was f1tted to the inside of the air 1nlet p1pe, and 
11nked to a thermometer (Edale type 2984, Model C) for measurement of 
the temperature of exp1red air. 
e. Subject Weight. 
Subjects were weighed using a set of balance scales (Avery Ltd., 
Model 3306ABV). These have a capac1ty of 120kg and are accurate to the 
nearest 50g. The subjects were weighed in bare f~et, wear1ng shorts 
(males) or shorts and shirt (females). 
f. Blood Collect10n. 
For blood lactates and blood glucose, 25 fl of capillary blood was 
collected from the thumb in cal1brated micro p1pettes (Acupette 
Pipettes; SC1ent1fic Industries Ltd.), and deproteinised in 0.25 ml of 
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perchlorlc acid (see appendlx for details of analysis procedures). 
Whilst running, samples were taken without stopping the treadml11, 
subjects placing their hands on a rail at the side of the treadmill. 
20;Ul capillary blood samples were also obtalned from the thumb and 
mixed with 5 ml of Drabkins solution for determinatl0n of haemoglobin 
concentratl0ns. 
All thumb-prick samples were obtalned using sterilized lancets 
(Boehringer Mannheim). 
Heparinized capillary tubes were used for measurement of 
haematocrlt. The tubes were plugged using miniseal clay blocks 
(Sclentlfic Industries Ltd.), and spun for 10 mlnutes in a 
micro-haematocrit centrifuge (Hawksley). Values were then calculated 
with a micro-haematocrlt reader (Hawksley). 
Plasma-volume:changes were_found,uslng the methods descrlbed by Dl11 
and Costill (1974). 
g.Blood Analysls. 
Full details of the analysls methods and assays employed are given 
in the appendlx. However, the main equipment used is summarised below: 
1. Eppendorf CentrlfuQe. 
Samples were centrlfuged at 12,000 rpm for 3 to 4 minutes in a 
micro centrifuge (Eppendorf Model 5414) 
ii. Eppendorf Photometer. 
An Eppendorf photometer (model 1101M) was used to measure 
blood glucose and haemoglobln concentratl0ns. The filter wavelengths 
used were 436 nM and 546 nM for glucose and haemoglobin respectively. 
lii. Perkin-Elmer fluorlmeter. 
A Perkln-Elmer (1000M) fluorlmeter was used for the 
determination of blood lactate. Calculatlon of the results is 
explained ln the appendix. 
In addition, automatic pipettes and dlsposable tlPS were used in 
the analysis of the capillary blood samples. The size of the pipettes 
used in this study ranged from 2~1 to 500~1. 
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h. Heart Rate Monitoring 
Heart rates were recorded on an oscilloscope (Camtrace; CambrIdge 
Instruments Ltd.) from three chest electrodes (3M UK Ltd., type 2255). 
The first of these electrodes was placed at the top of the sternum, 
and the remaInIng two approximately 80 mm below the rib cage. A fourth 
electrode was situated on the right shoulder and earthed In order to 
improve the signal by removing statIc electricIty generated by running 
on the treadmIll. Before placement, the four electrode sItes were 
thoroughly cleaned and slIghtly abraded to ensure a good contact was 
obtained. 
The oscilloscope was interfaced with a microcomputer as described 
above, and heart rates were automatIcally recorded at chosen regular 
Intervals, usually every 30 seconds. 
i.Breathlng Freguency. 
During a number of experiments, the frequency of the subject's 
breathing durIng the perIod of expired aIr collection was recorded. 
The method for this was devIsed In our laboratory. A small hole was 
drIlled In the SIde of the two-way ventIlation valve, Into which a 
temperature thermister was placed. USIng thIS thermlster as one of the 
resistors In a 'Wheatstone BrIdge', the varIable voltage was amplIfied 
and then lInked to a three pen flat bed chart recorder (J.J. Lloyd 
Model CR503). Each breath was therefore identIfIable by changes In the 
temperature of Inspired and expIred aIr, which were recorded on the 
chart recorder. 
j. Stride Rate. 
In order to measure changes in stride rate caused by fatigue and/or 
changes in speed, a method was deVIsed in our laboratory whIch 
recorded the small changes in treadmIll speed caused by each foot 
landing on the belt. The treadmill speed indIcator produces a variable 
voltage when the belt speed changes; thIS was amplified, and lInked 
Into a second channel of the chart recorder. Hence stride rates were 
also recorded during the periods of expired aIr collection. 
k. Environmental ConditIons. 
The laboratory temperature and humidity was monitored durIng 
experiments uSIng a WhirlIng Hygrometer (Brannan Thermometers Ltd.). 
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Wet and dry bulb readings were taken, with humidity being calculated 
on a pre-calibrated sl1de rule. 
2. V02 MAX DETERMINATION. 
The protocol for this test has been modified from that described by 
Taylor, Buskirk and Henschel (1955). 
Subjects ran at a constant speed throughout the test, this be1ng 
determined by previous knowledge of their running ab111ty. The grade 
of the treadmill was Increased by 2.57. every three minutes, from a 
starting grade of 3.57.. Heart rates were monitored continuously, as 
described above. 
During each 3 minute exerCise period, exp1red air was collected for 
60 seconds, from 1 minute 45 seconds to 2 minutes 45 seconds. The test 
was open-ended, and subjects were asked to signal when they could only 
cont1nue for one more m1nute. Following this signal, the final expired 
a1r collection was taken. This was analysed in the manner described in 
the append1x. The cr1teria for V02 max were based on the subject1ve 
exhaustion of the subject, and an R value 1n excess of 1.15 (Issekutz 
et aI, 1962). 
3. SUBMAXIMAL RUNNING. 
Four submax1mal running speeds were selected for each subject, and 
each subject was asked to run for four m1nutes at each speed. Heart 
rates were monitored cont1nously throughout the test. Exp1red air was 
collected for 60 seconds during the last m1nute of each four m1nute 
period. Thereafter the speed was 1ncreased. Subjects were therefore 
asked to run cont1nuously for slxteen m1nutes. The results of th1S 
test enabled the speed-V02 relat1onsh1p for each subject to be 
determ1ned, and hence a speed-V02 regression equation was determ1ned. 
4. PERCEIVED EXERTION. 
During each expired air collection in all the treadmill tests, 
subjects were asked to ind1cate the1r perceived level of exertion. 
Th1S was done uSing a rat1ng scale of 6 to 20, as devised by Borg 
(1973) • 
5. SUBJECTS AND LABORATORY PROCEDURES. 
A detailed descript10n of the subjects for each study 1S presented 
in the relevant chapter. 
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However, all sUJects selected had a general runnIng background, and 
could broadly be descrIbed as 'recreational runners'. Prior to any 
laboratory tests, subjects were made fully aware of the methods 
involved, and spent some time becoming famIliarized with treadmill 
running. 
6. STATISTICAL METHODS. 
Specific descrIptions of the statistIcs used will be presented In 
the relevant chapters. The methods used are as described by Cohen and 
Holllday (1982). In all tables, the values shown are the means, along 
with standard devIations. 
7. DIETARY ANALYSIS. 
The major experImental studIes reported In thIs thesis make 
considerable use of dietary analysIs techniques. This enables the 
nutritional content of dIets to be quantifIed, and provides the basIs 
for prescribed dietary manipulatIon. 
Food Intakes were assessed by the weIghed food Intake technique 
(Marr, 1971). The weIght of each food Item consumed was determIned (to 
the nearest 109) using pre-callbrated scales (Salter, 'Superweigh' 
model). 
Each item of food was then coded In accordance with the Index of 
foods In the MAFF/MRC Food Composition Tables (Paul and Southgate, 
1978). The code and weIght of each food item was then 'assessed using 
the 'OSIRIS' nutrient accumulation programme developed at Queen 
ElIzabeth College, UnIversity of London. The programme was run using a 
minI computer (DECll/03). 
DIetary prescriptions were performed uSIng a system of food 
exchanges developed in our laboratory. Foods are dIvided into four 
exchange groups. Each group of food exchanges contains foods whIch can 
be substituted for each other, and Individuals are told to eat a 
specific number of exchanges a day In order to achieve the requIred 
dietary manipulatIons. The four exchange groups are: 
1. Bread and milk 
2. Meat 
3. Fruit 
4. Fat 
A more detailed descriptIon of the food exchange and dIetary 
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analysis procedures has been reported elsewhere, forming the basl~ of 
a thesis presented by my co-worker lA. Patton, 1985). 
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CHAPTER 4 
SECTION A THE INFLUENCE OF HIGH CARBOHYDRATE DIETS ON 
ENDURANCE RUNNING CAPACITY. 
4.1 INTRODUCTION. 
Athletes who are well trained and posess high maximum oxygen uptake 
values are known to compete at h.gher relative exercise .ntensities 
than runners of a lesser standard (Maughan and Leiper, 1983). However 
the period of t.me for which runners can sustain a g.ven exercise 
intens.ty, and the phys.ological kinet.cs of prolonged submaximal 
runn.ng, requ.res further .nvest.gation. 
One of the factors associated w.th fatigue during prolonged 
submaximal exercise is low muscle glycogen concentrat.ons (Bergstrom 
et al 1967, Hermansen et al 1967), wh.lst the durat.on of exerc.se has 
been shown to be related to the in.tial muscle glycogen concentrat.ons 
(Ahlborg et ai, 1967). S.nce a number of stud.es have shown 
differences in the muscle glycogen deplet.on patterns during cycl.ng 
as opposed to runn.ng (Cost.ll et ai, 1971, Golln.ck et ai, 1973), 
th.s study set out to further exam.ne the role of hIgh CHO diets .n 
endurance exerc.se, using treadm.ll runn.ng as the exerc.se mode in 
order that the results could be more spec.f.cally applied to runners. 
For athletes follow.ng rigorous reg.mensof racing and training, the 
ability to recover well from strenous act.vity .s all important. From 
the ev.dence of previous stud.es (Gollnick et ai, 1972, Costill et ai, 
1981) .t appears that the best way to achieve rapid repletion of 
muscle glycogen stores after exerc.se is to consume diets rich in 
carbohydrates. 
Although there are a number of reports on the time course of 
glycogen repletion (Piehl, 1973), there is relat.vely l.ttle 
information on the recovery of the functional capacity of the 
ind.v.dual accompany.ng glycogen replet.on. Therefore one of the aims 
of the present study was to exam.ne the influence of high CHO diets on 
running performance after only a limited per.od of recovery. 
Th.s chapter is d.vided into two exper.mental sections. In the 
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first, the effect of high carbohydrate diets on recovery from 
prolonged exhaustive exercise IS examined. Thirty subjects with a wide 
range of running abilities were asked to run to exhaustion on a 
motorised treadmill at speeds equivalent to 707. of each Individual's 
V02 max. After three days on either a control or high carbohydrate 
diet, subjects returned to the laboratory where they were asked to 
attempt to match or improve upon their original run times. The 
criterion used to assess recovery was the ability of the subjects to 
reproduce their initial running performance. In addition, the nature 
of the carbohydrate diet was varied, providing two further areas of 
Investigation. Firstly, one group of subjects ate 'traditional' 
carbohydrate foods in the form of starches, such as pasta and 
potatoes. Secondly, since It has been shown that athletes with busy 
lifestyles and limited nutritional knowledge have difficulty in both 
selecting and consuming true high carbohydrate diets (Wootton et aI, 
1981), another group of subjects was used to examine the efficacy of 
confectionery products as carbohydrate supplements to normal diets. 
However, as well as providing a means of considering the 
effectiveness of a convenient 'supplementation' form of carbohydrate, 
this use of two carbohydrate diets enabled comparison of the 
effectiveness of simple carbohydrates (the glucose based confectionery 
products), and complex carbohydrates (the pasta diet), In terms of the 
ability to recover from strenuous exerCise. 
Having completed the initial part of the study, the data obtained 
from the first of the two trials was further examined to determine 
whether any physiological characteristics can be used to Indicate 
endurance capacity, along with any differences which may exist between 
males and females. It has been suggested that females may have a 
greater potential for endurance than males, so the available 
Information was examined with respect to this fact. 
4.2 METHODS. 
In order to determine the optimum relative exercise intensity for 
the running test, three experienced female distance runners took part 
in a pilot study. 
Preliminary testing of these subjects consisted of a V02 max test, 
and a test to determine the oxygen cost of running at submaximal 
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speeds (the protocol for these tests has been descrlbed in Chapter 3J 
The physiological characterlst1cs of the three subjects are shown 1n 
Table 4.1. On the basis of the pilot study, (the results of which can 
be seen in Table 4.2), sU1table exercise intensitles were determ1ned 
for the maln part of the study in which the thirty subjects took part. 
As well as preliminary physiological testing, the subjects were 
asked to monitor their diets (by weighing their daily -food intakes) 
for 7 days in order to establish their normal dietary patterns. 
In an attempt~ensure that subjects did not inadvertantly increase 
thelr carbohydrate intake before the flrst run to exhaustion, they 
were prescribed thelr normal diets for the prece dlng three days. 
To control the d1ets in as practical a way as possible, a system of 
'food exchanges' was used whereby foods were classlfied into different 
dletary groups, with foods In each group be1ng lnterchangeable. For 
each day, subjects were allowed a given number of food exchanges In 
each d1etary group. 
Subjects arr1ved 
they were we1ghed 
in the laboratory after an overnight fast, where 
and had chest electrodes positloned for the 
monitoring of heart rates. A restlng expired a1r sample was collected 
for the determlnat10n of oxygen uptake, along wlth a venous blood 
sample for the determination of plasma FFA, glycerol, urea and urlC 
acid concentrations and haematocrit values. In addition, capillary 
samples of blood were collected from the thumb for the measurement of 
blood lactate, blood glucose and haemoglobin concentrations. 
The subjects were then allowed a 5 minute 'warming up' period on 
the treadmill, at a speed eqUivalent to 607. V02 max. A collection of 
expired alr was taken from minutes 3.5 to 4.5 of this period. Once 
completed, the treadmill speed was increased to that equ1valent to 707. 
of each indiVidual's V02 max, and they attempted to run for as long as 
possible at this pace. 
In addition, core temperature was monitored with a number of 
volunteer subjects who, on arriving In the laboratory, were asked to 
insert a rectal probe to a depth of at least 10 cm beyond the anal 
sphincter. Th1s was then attached to a previously calibrated Edale 
thermistor (Model C). Core temperature was monitored at rest, at the 
end of the warm up, and then at 5 m1nute intervals during the 
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expenment. 
Throughout the run, exp1red air was collected every 15 m1nutes, 
along with the subject's perce1ved rate of exertion, breath1ng 
frequency and stride rate. Immediately after each expired air 
collection, cap1llary blood samples were taken to determ1ne blood 
lactate and blood glucose concentrations. 
After the first hour, expired air collections cont1nued every 15 
m1nutes, but the frequency of the blood samples was reduced to every 
30 minutes. 
DurIng each run, water was allowed ad libItum, from a drinking 
bottle placed on a stand adjacent to the treadmill and w1th1n easy 
reach of the subject. Two hundred and fifty mill1litres of water was 
placed 1n the bottle, and ref1lled when necessary. The time of each 
dr1nk, and the volume consumed was recorded. A moist sponge was also 
placed with the water, for cooling purposes only. 
In add1tion to these rout1ne collect1ons, a further exp1red air 
collection was obta1ned during the last minute of exercise, and venous 
and capillary blood samples were taken Immediately after the treadm111 
had stopped. Post exercise weight was recorded before any further 
fluid or food was 1ngested. 
A schematic representation of the protocol followed before and 
during the runs is provided in F1gure 4.1. All subjects were 
encouraged to run for as long as poss1ble, and any not running for 
more than 60 minutes were eliminated from the study. 
Having completed the in1t1al trIal, the th1rty subjects were then 
randomly ass1gned to one of three d1etary groups, w1th fIve males and 
five females In each group. 
Groups 1 and 2 were prescr1bed h1gh CHO diets for the three days 
immed1ately following trial I, Wh1Ch were designed to Increase the1r 
CHO content by 70%. Group 1 attempted this by consuming tradit10nal 
hIgh CHO foods such as spaghettI, pasta and starches, whilst Group 2 
used confectionery products as supplements to their normal d1ets. 
As a consequence of increasing their CHO consumption, these two 
groups also increased their total energy intake by approximately 40%. 
The third group was essentially a control group in the sense that 
the subjects did not increase theIr CHO consumption prior to trial 2. 
However, they were prescrIbed additional fat and protein exchanges in 
order that theIr diets were isoenergetic with those of the subjects in 
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Figure 4.1 A schematic representatIon of the experImental protocol. 
groups 1 and 2. 
Thus 72 hours after Trial 1, the subjects returned to the 
laboratory for Trial 2, where the run to exhaustion was repeated. 
Exactly the same experimental protocol used in Trial 1 was used in 
Trial 2, with all the subjects being encouraged to equal or improve 
upon their initial performance. 
Figure 4.2 IS a schematic presentation of the diet and exercise 
procedure followed by all the subjects over the 6 day period of the 
experiment. 
Throughout both the trials, treadmill speed, cumulative distance 
and time, and heart rates were recorded by the computer system 
previously described in Chapter 3. 
4.3 RESULTS. 
In the pilot study, subjects were required to run at speeds 
equivalent to 807. V02 max. The mean run time for the three subjects on 
Trial 1 was only 53.05 minutes, increasing to 67.58 minutes on Trial 
2. 
On the basis of these results, It was concluded that exerCise 
intensltles corresponding to 807. V02 max were too high for subjects 
with moderate running backgrounds to sustain for perIods of tIme long 
enough to reduce muscle glycogen stores. Therefore it was deCided to 
lower the exercise intensity to that eqUIvalent to 707. V02 max for the 
main part of the study. 
A summary of the physiological characteristics of the control, 
pasta and confectionery groups is shown in Table 4.3. No significant 
difference was found between the V02 max values of the three groups. 
EnVironmental condItions Within the laboratory were controlled as 
much as possible in order to eliminate any environmental Influences on 
performance. As Table 4.4 shows, no dIfferences were found in either 
the laboratory temperature or humidity for any of the groups between 
the two trials. 
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FIgure 4.2 A schematIc representatIon of the dIet and exercIse regIme. 
Diets. 
The dietary patterns of the groups for the three days before both 
Trial 1 and Trial 2 are shown in Table 4.5. There were no significant 
differences in the energy and CHO intakes of the three groups for the 
three day period before Trial 1. However, during the second three day 
period before Trial 2, all three groups demonstrated a significant 
increase in energy intake <p<O.OI), which was 327., 347. and 417. for the 
control, pasta and confectionery groups respectively. The pasta and 
confectionery groups Increased their CHO intakes by 687. and 747. during 
this period <p<O.OI), whilst the control group's CHO Intake increased 
slightly by 137.. However the control group Increased their fat intake 
by 637. <p<O.Ol). There was no significant difference in the total 
energy intakes of the three groups during this three day period. 
In absolute terms, the CHO consumed in the three days preceedlng 
Trial 2 was 462 grammes per day by the confectionery group and 507 
grammes per day by the pasta group. 
Performances. 
The performance results for the three groups In Trial 1 and Trial 2 
are illustrated in Table 4.6. There was no significant difference In 
either the performance times or distances of the three groups on Trial 
1. 
However in Trial 2, the confectionery group improved their 
performance by 22.87. <t18.2). Run times Increased from 114.5 <!15.6) 
mins to 140.6 <t27.0) mins <p<O.OI). 
The pasta group demonstrated similar Improvements In performance 
<25.8 !22.4 7.), with run times increasing from 105.9 <!24.4) mins to 
133.3 <t46.5) mins <p<O.Ol). 
There was no significant change in the performance of the control 
group on Trial 2, although 8 out of the 10 subjects were able to 
demonstrate some improvement on Trial 2, resulting in an Increase in 
mean run times from 119.2 mlns <tI9.5) on Trial 1 to 122.4 mins 
<t22.4) mins on Trial 2. This represented an improvement of 2.8 
<t5.5) 7.. 
The percentage improvements in performance of each group on Trial 2 
are shown In Figure 4.3. 
Physiological Changes. 
None of the three groups demonstrated any differences in relative 
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exercise Intensity, ventilatIon, heart rates, blood lactates, or blood 
glucose between the two trIals (Tables 4.7 to 4.11). 
However, as Table 4.12 and FIgure 4.4 Illustrate, the respiratory 
exchange ratios (R) of the confectionery and pasta groups were 
generally higher durIng Trial 2, whilst there was no dIfference in the 
R values of the control group. The pasta group had sIgnificantly 
higher (p<0.05) R values throughout their second Trial until 
exhaustion, when there was no dIfference between the R values on the 
first and second trials. The confectionery group demonstrated a 
tendency for higher R values from the onset of exerCIse, although this 
trend was not statistically signifIcant untIl 45 minutes of eXercISe 
had been completed (p<0.01). As with the pasta group, there was no 
sIgnIficant dIfference between the R values of the two trials at 
exhausti on. 
FFA and Glycerol. 
Tables 4.13'and 4;14cpresent,the pre and post exercIse FFA and glycerol 
--~ 
concentratIons for the three groups on TrIals 1 and 2. Blood samples 
were taken immediately after the cessation of exercise, thus the 
SIgnifIcant rIse in both glycerol and FFA values for all three groups 
indIcates that concentrations increased during the exerCIse perIod. 
Furthermore, the confectionery and pasta groups had lower restIng FFA 
concentratIons prior to Trial 2 (p<O.Ol), whilst the the pasta group 
also had lower pre Trial 2 restIng glycerol concentrations (p<0.05). 
Urea and Uric acid. 
The pre and post exercise plasma urea and plasma urIC acid 
concentratIons for each of the three groups are shown in Tables 4.15 
and 4.16. An increase in these concentratIons IS taken to be 
indicative of protein metabolism and nitrogen excretIon due to damaged 
muscle tissue. There were no differences in the resting concentratIons 
of urea or uric acid before Trial 2 when compared to TrIal 1 for any 
of the three groups. Although during both Trial 1 and Tnal 2 there 
were SIgnificant Increases in both urea and uric acid for all of the 
groups, the magnItude of the Increase was the same for each of the 
groups during both Trial 1 and Trial 2. The rise in urea 
concentratIons during Trial 1 was 0.92 mM for the confectionery group, 
1.19 mM for the pasta group, and 0.89 mM for the controls. The 
respective Trial 2 increases were 0.88 mM, 1.17 mM and 0.86 mM for the 
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three groups. Ur1c acid concentrat1ons rose by 67 jlmol/l, 77 )Umol/l 
and 57 }lmol/l during Trial I for the confectionery, pasta and control 
groups respect1vely, as compared to r1ses of 70jlmol/l, 79 )lmol/l and 
51)Umol/l during Tr1al 2. 
Energy Expenditure. 
The energy expend1ture of the three groups is illustrated in Table 
4.17. During Trial I, the values of 6.17, 5.88, and 5.82 MJ represent 
617., 667., and 577. of the total daily energy intakes of the control, 
pasta and confectionery groups respect1vely. During Trial 2 the 
respect1ve energy expend1tures for the groups were 6.36, 7.13, and 
7.38 MJ, represent1ng 477., 577., and 537. of the new higher daily energy 
intakes. For the two h1gh CHQ groups there was a slgnif1cant 1ncrease 
1n the total energy expended during Tr1al 2 compared to Trial I 
(p<O.OI), largely related to the 1ncrease 1n run times. These groups 
also demonstrated slgnif1cant 1ncreases 1n the amount of CHQ used 
dur1ng Tr1al 2 (p<O.OI), but desp1te the longer run times, the 
estimated amount of fat ut1l1sed actually decreased (p<0.05). 
As well as th1S rise in the absolute amount of CHQ ut1lised by the 
confect1onery and pasta groups, they also demonstrated an 1ncrease in 
the rate at Wh1Ch CHQ was metabolised dur1ng exercise (p<O.OI), Wh1Ch 
corresponded to a drop 1n the rate of fat metabol1sm (p<O.OI). The 
confectionery group utilised an estimated 1.90 (!0.26) g.min- 1 of CHQ 
dur1ng Trial I, ris1ng to 2.11 (~0.41) g.m1n- 1 during Trlal 2. 
Similarly, the pasta group utllised 2.10 (~0.48) g.mln- 1 durlng Trlal 
I, rising to 2.45 (~0.86) g.mln- 1 during Trial 2. 
The control group had very slmilar energy expend1ture values dur1ng 
both tr1als. There was no d1fference in total energy expenditure, or 
in either the total or rate of util1sation of fat and CHQ between the 
two trials. 
Table 4.18 shows the est1mated reduction in muscle glycogen for the 
, 
groups, based on the findings of Hall et al (1983) who claimed that 
during submax1mal endurance exerc1se, 847. of total CHQ metabolism 
comes from muscle glycogen. Thus the est1mated mean muscle glycogen 
reduction ranged from between 183g to 205g for the three groups on 
Trial I. During Trial 2, the high CHQ groups were est1mated to have 
used significantly more muscle glycogen than on Trial 1 (p<O.OI). 
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Fluid Intakes. 
The mean flu1d 1ntakes are shown for each group during Tr1al 1 and 
Trial 2 in Table 4.19. There was cons1derable var1at1on in the amount 
of flu1d drunk by d1fferent 1ndividuals. On Trial 1, the mean fluid 
intakes were 182 (tl18), 147 (!121) and 240 (!256) mls for the 
confectionery, pasta and control groups respectively. The respective 
values on the second Trial were 236 (i226), 193 (i139) and 279 
(t274) mls. Although the two high CHO groups drank larger total 
volumes of fluid on Tr1al 2, when the results are expressed in terms 
of the amount drunk per m1nute, it is clear that there was no 
d1fference in the Tr1al 1 and 2 fluid intakes of any of the three 
groups. 
Plasma Volume. 
There was no d1fference in the changes in plasma volume during 
Tr1al 1 and Tr1al 2 for any group. The mean plasma volume changes were 
-7.61., -3.81., and -4.61. on Tr1al 1 and -4.61., -7.31., and -4.81. on 
Trial 2 for the control, pasta and confect1onery groups respectively. 
These results can be seen in Table 4.21. 
Body We1ghts. 
As well as demonstrating slgn1ficant decreases in body we1ght 
dur1ng both tr1als, all three groups also had slgnif1cant increases in 
body we1ght between Tr1al 1 and Tr1al 2 (p<0.05). This 1ncrease was 
0.71 (to.95)kg for the control group, 0.64 (!0.65)kg for the 
confect1onery group and 0.52 (to.66)kg for the confectionery group. 
These body we1ght changes are shown in Table 4.20 
Core Temperature. 
A 11mited amount of data was obtained from some of the subjects 
during both their f1rst and second trials. For the purpose of these 
results only, subjects who were in either the pasta or confetionery 
groups have been grouped together in a 'h1gh CHO' group 1n order that 
a worthwhile compar1son of core temperatures before and after 
consumption of high CHO d1ets can be made. However, as can be seen 
from Figure 4.5, ne1ther the control group (n=4) or the high CHO group 
(n=4) show any difference in their core temperatures between Tr1al 1 
and Trial 2. 
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TABLE 4.1 THE PHYSIOLOGICAL CHARACTERISTICS OF 
THE PILOT STUDY SUBJECTS. 
AGE WEIGHT VO,., MAX VE MAX MAX HR 
SUBJ yrs kg 1.mln-1 ml. kg- 1 ml n-' l.min- 1 b.min- 1 
1. 20 53.9 2.90 53.8 100.5 193 
2. 21 62.9 3.68 58.6 104.1 199 
3. 20 59.3 2.86 48.2 93.1 193 
MEAN 20 58.7 3.15 53.5 99.2 195 
:!:.SD 1 4.5 0.46 5.2 5.6 3 
TABLE 4.2 PERFORMANCE RESULTS FOR THE PILOT STUDY. 
TRIAL ONE TRIAL TWO 
TIME DIST. TIME DIST. i. 
SUBJ. (mlns) (km) (mlns) (km) CHANGE 
1. 60.0 14.64 67.0 16.35 +11.7 
2. 66.3 15.46 78.4 18.29 +18.3 
3. 33.0 6.28 57.5 10.95 +74.2 
MEAN 53.1 12.13 67.6 15.20 +34.7 
:!:.SD 17.7 5.08 10.5 3.80 34.3 
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TABLE 4.3 THE PHYSIOLOGICAL CHARACTERISTICS OF THE THREE GROUPS 
A. CONTROL GROUP 
AGE WEIGHT liD" MAX \lE MAX MAX HR 
yrs kg 1. min- 1 ml. kg-1mln-' 1.mln-1 b.min-1 
MEAN 27 62.5 3.53 56.1 107.8 191 
±.SD 7 9.6 0.89 8.5 22.1 11 
B. PASTA GROUP 
AGE WEIGHT VD" MAX liE MAX MAX HR 
yrs kg I.mln-1 -I ml.kg-1mln 1. min-1 b.mln-1 
MEAN 28 67.7 3.70 54.1 112.0 184 
±.SD 11 11.0 0.68 6.1 18.2 12 
C. CONFECTIONERY GROUP 
AGE WEIGHT liD" MAX VE MAX MAX HR 
yrs kg 1.mln-1 ml • kg-1ml n-' 1.mln-1 b.mln-1 
MEAN 23 65.6 3.45 52.6 106.8 193 
±.SD 5 11.0 0.81 7.8 23.8 11 
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TABLE 4.4. LABORATORY TEMPERATURE AND HUMIDITY DURING TRIAL 
ONE AND TRIAL TWO FOR EACH GROUP. 
TRIAL 1 TRIAL 2 
TEMP HUMIDITY TEMP HUMIDITY 
GROUP (OC) (X) (OC) (X) 
CONTROLS 
MEAN 19.9 60.7 19.7 62.6 
"!.SD 3.3 7.9 2.2 6.9 
CONFEC. 
MEAN 19.6 58.2 19.3 59.4 
"!.SD 1.3 9.1 2.9 7.3 
PASTA 
MEAN 19.9 58.2 20.0 58.1 
"!.SD 2.0 11.6 1.3 9.3 
76 
TABLE 4.5 ENERGY INTAKES BEFORE TRIAL ONE AND TRIAL TWO FOR 
THE THREE GROUPS. 
ENERGY FAT CHO PROTEIN 
(M3) (gms) (gms) (gms) 
TRIAL 1 
CONTROL 10.2 '!:.2.9 99 :t32 300 :t85 96 :t26 
CONFEC. 9.0 '!:.1.4 79 :t18 265 :t45 87 :t15 
PASTA 10.3 '!:.2.4 102 :t23 301 :t8b 97 :t47 
TRIAL 2 
CONTROL 13.5 :t4.3 161 :t69 339 :t92 120 :t19 
CONFEC. 12.6 '!:.2.6 95 :t24 462 :t81 88 :t24 
PASTA 13.9 '!:.2.7 104 :t35 507 :t12O 112 :t16 
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TABLE 4.6 PERFORMANCE RESULTS FOR EACH GROUP. 
TRIAL ONE TRIAL TWO 
TIME OIST. TIME 0IST. 7-
SUBJ. (mins) (km) (mins) (km) CHANGE 
CONTROLS. 1. 120.0 20.84 125.0 21.70 +4.2 
2. 114.0 25.30 120.0 26.61 +5.3 
3. 111.0 21.35 97.0 18.66 -12.6 
4. 141.0 28.63 145.0 29.45 +2.8 
5. 110.0 22.33 114.0 23.15 +3.6 
6. 145.0 21.32 147.0 21.61 +1.4 
7. 120.0 25.33 129.0 27.23 +7.5 
8. 129.0 25.86 137.0 27.46 +6.2 
9. 75.0 20.65 75.0 20.65 0.0 
10. 127.0 27.14 135.0 28.85 +6.3 
MEAN 119.2 23.96 122.4 24.64 +2.8 
t.SO 19.5 2.93 22.4 3.83 5.8 
CONFECTIONERY 1. 89.0 20.29 120.0 27.36 +34.8 
2. 133.0 20.92 156.0 25.11 +17.3 
3. 134.0 27.33 207.0 42.20 +54.4 
4. 125.5 27.94 129.0 28.73 +2.8 
5. 118.3 26.01 148.8 32.72 +25.8 
6. 96.3 19.36 140.0 28.16 +45.5 
7. 116.0 17.11 145.0 21.39 +25.0 
8. 120.0 22.53 120.0 22.53 0.0 
9. 116.0 24.90 120.0 25.75 +3.4 
10. 97.0 20.29 120.0 25.11 +23.7 
MEAN 114.5 22.72 140.6 27.91 +22.8 
:!:.SO 15.6 3.65 27.0 5.97 18.2 
PASTA I. 82.0 16.75 96.0 19.57 +17.1 
2. 109.0 28.07 142.0 36.56 +30.3 
3. 75.0 16.30 77.0 16.74 +2.7 
4. 92.0 18.01 110.0 21.53 +19.6 
5. 120.0 21.56 212.5 38.19 +77.1 
6. 115.3 20.41 162.8 28.81 +41.2 
7. 90.0 19.55 92.0 19.99 +8.9 
8. 90.0 17.86 90.0 17.86 0.0 
9. 136.0 28.08 170.3 35.16 +25.2 
10. 150.0 23.33 180.0 28.00 +20.0 
MEAN 105.9 21.00 133.3 26.42 +25.8 
:!:.SD 24.4 4.31 46.5 8.19 22.4 
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TABLE 4.7 RELATIVE WORK INTENSITY DURING TREADMILL RUNS FOR EACH GROUP. 
a. ConfectIonery Group. 
WARM 15 30 45 60 
UP. mlns mlns mins mlns EXH. 
TRIAL 1 
Mean 58.4 69.3 69.1 69.5 70.0 72.5 
!.SD 3.1 3.2 3.6 2.6 3.4 4.4 
TRIAL 2 
Mean 58.4 67.3 68.0 68.9 68.7 73.1 
!.SD 4.3 3.3 2.8 1.7 2.9 3.2 
b. Pasta Group. 
WARM 15 30 45 60 
UP. mlns mins mlns mlns EXH. 
TRIAL 1 
Mean 59.4 69.3 69.1 70.1 69.8 71.8 
!.SD 1.3 2.3 1.9 2.9 3.2 3.9 
TRIAL 2 
Mean 61.1 69.6 69.9 70.1 70.1 72.9 
!.SD 2.7 2.3 2.3 1.8 1.7 2.1 
c. Control Group. 
WARM 15 30 45 60 
UP. mlns mlns mins mins EXH. 
TRIAL 1 
Mean 59.1 68.1 68.6 68.9 68.7 71.9 
!.SD 4.2 3.4 3.0 3.6 3.4 4.4 
TRIAL 2 
Mean 59.1 67.5 68.4 69.3 68.6 72.5 
!.SD 3.5 3.5 3.1 3.2 3.0 4.9 
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TABLE 4.8 VENTILATION RATES U.mln-1 ) DURING 
TREADMILL RUNS FOR EACH GROUP. 
a. Confectionery Group. 
15 30 45 60 
REST mlns mlns mlns mins EXH. 
TRIAL 1 
Mean 8.0 57.0 57.2 57.6 57.4 63.7 
:!:.SD 2.5 13.7 13.4 13.8 13.3 16.3 
TRIAL 2 
Mean 8.0 56.6 57.5 59.1 58.5 67.0 
:!:.SD 1.7 13.0 12.9 13.0 12.3 15.0 
b. Pasta Group. 
15 30 45 60 
REST mlns mlns mlns mins EXH. 
TRIAL 1 
Mean 10.1 62.4 63.7 64.7 66.3 72.3 
:!:.SD 3.9 5.4 6.2 5.5 6.1 5.4 
TRIAL 2 
Mean 11.0 65.3 66.1 67.2 68.1 75.6 
:!:.SD 3.4 6.6 5.4 6.9 7.4 7.3 
c. Control Group. 
15 30 45 60 
REST mlns mins mlns mins EXH. 
TRIAL 1 
Mean 7.8 60.8 61.9 61.4 62.9 69.8 
:!:.SD 1.6 10.6 11.2 12.4 12.3 13.7 
TRIAL 2 
Mean 8.1 61.2 62.3 63.3 63.4 69.7 
:!:.SD 1.5 12.2 12.9 13.4 13.4 14.3 
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TABLE 4.9 HEART RATES (b.mln-') DURING 
TREADMILL RUNS FOR EACH GROUP. 
a. Confectionery Group. 
15 30 45 60 
mlns mlns mins mins EXH. 
TRIAL 1 
Mean 160 164 166 168 174 
:!:.SD 13 13 13 13 13 
TRIAL 2 
Mean 159 162 164 165 174 
:!:.SD 12 12 12 12 9 
b. Pasta Group. 
15 30 45 60 
mlns mlns mlns mlns EXH. 
TRIAL 1 
Mean 158 161 164 166 174 
:!:.SD 15 14 14 14 15 
TRIAL 2 
Mean 158 160 163 164 171 
:!:.SD 16 15 14 15 18 
c. Control Group. 
15 30 45 60 
mlns mlns mlns mlns EXH. 
TRIAL 1 
Mean 162 165 166 168 174 
:!:.SD 12 11 11 11 10 
TRIAL 2 
Mean 159 162 163 164 168 
"!:.SD 13 13 14 12 12 
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TABLE 4.10 BLOOD LACTATE CONCENTRATIONS (mM) DURING 
TREADMILL RUNS FOR EACH GROUP. 
a. ConfectIonery Group. 
PRE 15 30 45 bO 
EX. mlns mIns mIns mins EXH. 
TRIAL 1 
Mean 0.84 2.42 2.72 2.25 2.34 2.99 
'!:,.SD 0.43 0.96 1.41 1.17 1.26 0.91 
TRIAL 2 
Mean 1.02 2.61 2.79 2.65 2.56 3.25 
'!:,.SD 0.42 0.82 0.97 0.92 0.63 1.09 
b. Pasta Group. 
PRE 15 30 45 60 
EX. mlns mins mins mins EXH. 
TRIAL 1 
Mean 0.64 2.37 2.38 2.41 2.57 3.11 
'!:,.SD 0.25 1.49 1.03 1.01 1.12 1.78 
TRIAL 2 
Mean 0.89 2.18 2.53 2.49 2.51 4.05 
'!:,.SD 0.30 0.83 1.34 1.29 1.40 2.52 
c. Control Group. 
PRE 15 30 45 60 
EX. 
, 
mins mins EXH. mlns mlns 
TRIAL 1 
Mean 0.66 2.56 3.03 3.10 3.22 3.27 
'!:,.SD 0.30 1.13 1.47 1.44 1.76 1.15 
TRIAL 2 
Mean 0.67 2.68 2.79 2.85 2.80 3.01 
'!:,.SD 0.18 1.55 1.69 1.69 1.35 1.48 
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TABLE 4.11 BLOOD GLUCOSE RESPONSE (mM) DURING 
TREADMILL RUNS FOR EACH GROUP. 
a. ConfectIonery Group. 
PRE 15 30 45 60 
EX. mins mins mlns mlns EXH. 
TRIAL 1 
Mean 4.51 4.46 4.53 4.63 4.62 4.37 
±.SD 0.37 0.47 0.48 0.66 0.64 0.95 
TRIAL 2 
Mean 4.57 4.51 4.58 4.68 4.72 4.75 
±.SD 0.46 0.46 0.43 0.38 0.50 1.10 
b. Pasta Group. 
PRE 15 30 45 60 
EX. mins mlns mins mlns EXH. 
TRIAL 1 
Mean 4.49 5.14 5.63 5.84 5.79 5.11 
±.SD 0.29 1.11 1.79 1.92 1.89 1.52 
TRIAL 2 
Mean 4.63 5.02 5.57 5.80 5.76 5.62 
±.SD 0.42 1.16 1.70 2.16 2.14 1.36 
c. Control Group. 
PRE 15 30 45 60 
EX. mins mins mlns mlns EXH. 
TRIAL 1 
Mean 4.33 4.76 4.86 4.85 4.77 4.33 
±.SD 0.40 0.72 0.89 0.84 0.70 1.21 
TRIAL 2 
Mean 4.53 4.70 4.80 4.81 4.84 5.00 
±.SD 0.53 0.67 0.78 0.72 0.82 1.20 
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TABLE 4.12 MEAN RESPIRATORY EXCHANGE RATIOS DURING TREADMILL RUNS 
FOR EACH GROUP. 
a. Confectionery Group. 
PRE 15 30 45 60 
EX. mins mins mlns mlns EXH. 
TRIAL 1 
Mean 0.866 0.914 0.902 0.887 0.883 0.883 
±.SD 0.058 0.030 0.039 0.025 0.033 0.027 
TRIAL 2 
Mean 0.889 0.937 0.920 0.918- 0.922- 0.888 
±.SD 0.057 0.028 0.022 0.019 0.028 0.029 
b. Pasta Group. 
PRE 15 30 45 60 
EX. rnlns rnlns mlns mins EXH. 
TRIAL 1 
Mean 0.837 0.913 0.905 0.888 0.899 0.891 
±.SD 0.065 0.036 0.047 0.037 0.038 0.042 
TRIAL 2 
Mean 0.917- 0.956- 0.929- 0.925- 0.926- 0.913 
±.SD 0.030 0.034 0.038 0.038 0.047 0.064 
c. Control Group. 
PRE 15 30 45 60 
EX. mlns mins mlns mins EXH. 
TRIAL 1 
Mean 0.839 0.922 0.909 0.900 0.906 0.891 
±.SD 0.050 0.018 0.032 0.034 0.035 0.030 
TRIAL 2 
Mean 0.862 0.925 0.915 0.904 0.911 0.889 
±.SD 0.051 0.025 0.037 0.030 0.038 0.039 
* 
p < 0.01 SignIfIcant increase compared to Trial 1. 
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TABLE 4.13 FFA CONCENTRATIONS (mM) 
TRIAL 1 TRIAL 2 
PRE POST PRE POST 
CONFECTIONERY 0.24 1.04 0.19-- 1.10 
:!:.SD 0.13 0.36 0.09 0.43 
PASTA 0.41 1.07 0.27-- 0.95 
:!:.SD 0.15 0.38 0.16 0.41 
CONTROLS 0.33 1.16 0.26 1.00 
:!:.SD 0.17 0.50 0.25 0.54 
TABLE 4.14 GLYCEROL CONCENTRATIONS (mM). 
TRIAL 1 TRIAL 2 
PRE POST PRE POST 
CONFECTIONERY 0.06 0.56 0.05 0.56 
:!:.SD 0.04 0.19 0.03 0.22 
PASTA 0.08 0.62 0.05- 0.63 
:!:.SD 0.04 0.35 0.03 0.47 
CONTROLS 0.06 0.65 0.07 0.56 
:!:.SD 0.04 0.19 0.03 0.22 
- p<0.05 
SIgnificantly lower than TrIal 1 values. 
-- p<O.OOI 
All three groups showed sIgnIfIcant (p<O.OOI) increases In both FFA and 
glycerol concentratIons post-exercIse on both trials. 
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TABLE 4.15 
PRE AND POST EXERCISE PLASMA UREA CONCENTRATIONS (mM) 
A. CONFECTIONERY 
PRE POST INCREASE 
TRIAL 1 
MEAN 6.46 7.38* 0.92 
!.SD 1.00 1.08 0.23 
TRIAL 2 
MEAN 5.50 6.37* 0.88 
!.SD 1.26 1.29 0.32 
B. PASTA 
PRE POST INCREASE 
TRIAL 1 
MEAN 5.57 6.76* 1.19 
!.SD 1.33 1.32 0.59 
TRIAL 2 
MEAN 5.21 6.54* 1.17 
!.SD 1.06 1.27 0.47 
C. CONTROLS 
PRE POST INCREASE 
TRIAL 1 
MEAN 5.02 5.90* 0.89 
!.SD 0.76 0.88 0.40 
TRIAL 2 
MEAN 5.39 6.10* 0.86 
!.SD 0.99 0.96 0.43 
* p<O.Ol SIgnIficant increase from pre exercise values. 
86 
TABLE 4.16 
PRE AND POST EXERCISE PLASMA URIC ACID CONCENTRATIONS (Ilmol 11) • 
7 
A. CONFECTIONERY 
PRE POST INCREASE 
TRIAL 1 
MEAN 309 376* 67 
!.SD 44 52 14 
TRIAL 2 
MEAN 283 353* 70 
!.SD 48 55 39 
B. PASTA 
PRE POST INCREASE 
TRIAL 1 
MEAN 293 371* 77 
!.SD 46 58 32 
TRIAL 2 
MEAN 268 348* 79 
!.SD 42 53 19 
C. CONTROLS 
PRE POST INCREASE 
TRIAL 1 
MEAN 289 345* 57 
!.SD 43 53 32 
TRIAL 2 
MEAN 255 304* 51 
!.SD 56 58 30 
* p<O.Ol SIgnificant increase from pre exercise values. 
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TABLE 4.17 ENERGY EXPENDITURE. 
TOTAL CHO CHO CHO FAT FAT FAT 
(MJ) (MJ) (g) (g/mln) (MJ) (g) (g/mln) 
CONTROLS 
TRIAL 1 6.17 4.20 244 2.05 1.97 50 0.42 
:!:.SD 1.01 0.69 40 0.34 0.32 8 0.07 
TRIAL 2 6.36 4.40 255 2.08 1.96 50 0.41 
:!:SD 1.16 0.80 47 0.38 0.36 9 0.07 
PASTA 
TRIAL 1 5.82 3.82 222 2.10 2.00 51 0.48 
:!:.SD 1.34 0.88 51 0.48 0.46 12 0.11 
TRIAL 2 7.38 ...... 1 5.62-'" 327 .... • 2.45 .... • 1. 76"d 45-d 0.34 .... d 
:!:SD 2.58 1.96 114 0.86 0.61 16 0.12 
CONFEC. 
TRIAL 1 5.88 3.76 218 1.90 2.12 54 0.47 
'tSD 0.80 0.51 30 0.26 0.29 7 0.06 
TRIAL 2 7.13 .... • 5.12 .... • 297-·:1. 2. 11 ...... :1. 2.01"d 51-d O.36 ........ d 
:!:SD 1.37 0.98 57 0.41 0.39 10 0.07 
.. p<0.05 
SIgnificant change from TrIal 1. 
_ .. p<O.Ol 
i = lncrease. 
d = decrease. 
TABLE 4.18 ESTIMATED MUSCLE GLYCOGEN DEPLETION. 
TRIAL 1 TRIAL 2 
CONTROLS 205 (:!:34) 214 (:!:39) 
PASTA 186 (:!:.43) 275- (:!:96) 
CONFEC. 183 (:!:.25) 249" (;!:48) 
- p<O.Ol SIgnIficant increase from Trial 1. 
NB. The above results are based on the findIngs of Hall et al (1983). 
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TABLE 4.19 FLUID INTAKES. 
TRIAL 1 
mls ml.mln- 1 
Conf ecti onery 182 1.59 
"tSD 118 1.03 
Pasta 147 1.39 
:tSD 121 1.14 
Controls 240 2.01 
:tSD 256 2.15 
TABLE 4.20 BODY WEIGHTS. 
7. DECREASE 
TRIAL 1 TRIAL 2 
Conf ecti onery 1.90 2.21 
"tSD 0.40 0.64 
Pasta 2.29 2.50 
:tSD 0.52 0.44 
Controls 2.56 2.77 
:tSD 0.54 0.35 
TABLE 4.21 PLASMA VOLUME CHANGES. 
Confectionery 
Pasta 
Controls 
TRIAL 1 
-4.6 
-3.8 
-7.6 
(:t2•6 ) 
("t5• 3 ) 
("t6 .8) 
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TRIAL 2 
mls ml. min- 1 
236 1.68 
226 1.61 
193 1.45 
139 1.04 
279 2.28 
274 2.24 
INCREASE (kg) 
(PRE Tl - PRE T2) 
0.64 
0.65 
0.52 
0.66 
0.70 
0.95 
TRIAL 2 
-4.8 
-7.3 
-4.6 
(:t2.5) 
(:t5.0) 
(:!:4.6) 
4.4 DISCUSSION. 
It is clear from the dletary results (Table 4.5) that the energy 
intakes of the three groups were simllar before both Trlal 1 and Trlal 
2. However the extra energy intake of the confectlonery and pasta 
groups before Trial 2 was consumed In a different manner from that of 
the control group. Both the confectionery and pasta groups ate 
, 
substantially more CHO in the perlod prece ding Trial 2, whereas the 
additional energy intake of the control group was achleved primarlly 
by consuming extra fat and protein. 
The two high CHO groups consumed approximately 500g of CHO per day 
before Trlal 2, a value whlch is sllghtly lower than the 600g per day 
recommended by Costlll et al (1981). The authors suggested that thls 
amount of CHO was required to replenlsh muscle glycogen stores withln 
24 hours of strenuous exerClse. However the relatively low dally 
energy intakes of the subjects (approximately 2,500 kcals per day) 
made the consumptlon of 600g of CHO a day lmpractIcal. 
The fact that there was no signifIcant dlfference In the dIets of 
the three groups before TrIal 1, and that these diets were no 
dIfferent from those recorded over a 7 day perIod, emphaslses the fact 
that prior to the fIrst Trlal, the subjects In all groups were eatIng 
normal, mixed diets. 
It is important to note that the three dietary groups were 
homogeneous in all aspects of thelr Trial 1 performance; there were no 
dIfferences in either run times, run distances, estImated energy 
expendlture or muscle glycogen depletion. 
Therefore the only major difference between the groups before Trial 
2 was the dIetary reglmenswhIch had been followed for the preceeding 
three days. 
The improved performance results from TrIal 2 strongly emphasise 
the role of high CHO diets In prolonglng endurance capacity during 
running. The improvements in performance of 22.87. and 25.87. of the 
confectIonery and pasta groups respectlvely are In contrast to the 
2.87. improvement demonstrated by the control group. Nevertheless, 
these Improvements are less than those of between 367. and 577. which 
have been prevIously reported with cycling studies (Ahlborg et al 
1967, Bergstrom et al 1967), although more than the 97. increase in 
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endurance running capacity reported by 60forth et al (1980). This may 
be due to the phYS1olog1cal d1fferences between runn1ng and cycl1ng 
previously d1scussed, and the lack of any firm glycogen depletion -
performance relationship in runn1ng (Cost1ll et ai, 1973). An ObV10US 
assumption from this finding is that CHO loading, although being of 
considerable benefit to runners, may be even more benefic1al to 
cyclists who are engaged 1n endurance activities. This possibillty is 
supported by the repor~s of lower muscle glycogen concentrations after 
exhaustive cycling than after exhaustive running (Pernow and Salt1n, 
1971) • 
As well as enhancing endurance capacity, it 1S clear that high CHO 
diets also increase the rate of recovery after strenuous exercise. The 
fact that w1thin only 72 hours of Tr1al 1, subjects had not only fully 
recovered, but were actually able to perform better when asked to 
repeat the exerC1se test, is a valuable f1nding. Th1S 1S 1mportant for 
competibve athletes who are often' keen to resume thelr normal 
train1ng reg1mensas soon as posslble after strenuous exercise such as 
endurance races. It also emphaslses the need to consume h1gh CHO dlets 
after, as well as before events such as marathons. 
The fact that the 1mprovements demonstrated by the confect1onery 
and pasta groups were of slmilar magmtudes, also suggests that 
careful use of confect1onery products as CHO d1etary supplements 1S 
equally as beneflc1al as consumlng CHO in its more trad1t1onal, pasta 
based form. 
In add1tion, the fact that the control group were at least able to 
match their Trlal 1 performances, and 1n all but two cases actually 
improve, tends to suggest that as long as the CHO content of the dlet 
is not reduced, then, regardless of the amount of fat and protein ln 
the d1et, muscle glycogen replet10n will occur with1n 72 hours of 
prolonged strenuous exercise. This is in line with the f1ndings of 
Bergstrom and Hultman (1966) and Sherman et al (1981), who stated that 
exercise in itself lS a potent stimulator for muscle glycogen 
repletion. Of the subjects who did improve ln the control group, it is 
interest1ng to note that the maximum 1mprovement was only 7.57.. This 
in itself lS perhaps further test1mony to the success of the high CHO 
d1ets, Slnce once the initial Trial 1 time has been surpassed, the 
mobvabon to continue running is hkely to be the same for subjects 
in any of the groups. 
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One of the most remarkable results follow1ng the h1gh diet came 
from a subject in the confectionery group who, having run 27.3 km on 
Tr1al 1, returned to the laboratory and completed the marathon 
d1stance of 42.2 km on Trial 2 (an improvement of 54.47.). In the pasta 
group, one female subject demonstrated a 77.17. improvement, complet1ng 
21.6 km 1n 120 mins on Trial 1, and 38.2 km in 212.5 mins on Tr1al 2. 
Clear evidence of the influence of the high CHO d1etS on metabolism 
during Trial 2 comes from the R values and the energy expenditure 
calculati ons. 
It can be seen from Figure 4.4 and Table 4.17 that dur1ng Tr1al 2 
the confect10nery and pasta groups obta1ned a larger proport10n of 
their energy from CHO from the onset of exercise, a find1ng in 
agreement w1th the results of Maughan et al (1978) and Jansson (1980). 
It is theoretically poss1ble that th1S may ultimately defeat the 
object of CHO loading, Slnce if CHOs are used at too fast a rate early 
on during exerc1se, CHO depletion may occur no later than 1f a normal 
diet had been consumed. Furthermore, an 1ncreased rate of CHO 
metabol1sm results in an 1ncreased rate of lactate product10n. However 
the R values suggest that th1S was not the case, Slnce for both the 7 
high CHO groups the R values rema1ned h1gher throughout the second 
Tr1al, up unt1l exhaust10n, when they were slm1lar. 
The extra total energy expended on Trial 2 by the high CHO groups 
is to be expected, and due pr1mar1ly to the longer run times. Th1S is 
also the case with the total CHO ut1lised. However, the h1gher R 
values previously d1scussed are reflected in the fact that the rate of 
CHO metabolism was slgn1f1cantly higher on Trial 2 for the 
confect10nery and pasta groups. Correspond1ng to this, there was a 
decrease 1n the rate of fat metabol1sm. What 1S of further 1 nterest , 
1S that desp1te the longer run t1mes dur1ng Tr1al 2 for these groups, 
there was actually a decrease 1n the absolute amount of 'fat 
metabolised. Th1S is a clear reflection of the strong Sh1ft towards 
CHO metabolism which occurs after high CHO d1ets have been consumed. 
In contrast to these results of the two high CHO groups, the 
control group showed very sim1lar energy expend1ture patterns on the 
first and second Trials. The additional fat consumed by the subjects 
in this group prior to Trial 2 seems to have had no effect on 
substrate metabolism, with there being no evidence of a Sh1ft towards 
fat metabolism during exercise. If the diets of this group had been 
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such that fat was used as a substitute for CHO, then a decrease 1n 
endurance capacity could have been expected, as was observed by 
Christensen and Hansen (1939; cited by Astrand and Rodahl, 1977) and 
Galbo et al (1980). However the CHO intake rose Sllghtly from 300 to 
339 grammes per day before Trial 2; add1tional fat and protein was 
used to supplement the diet in order to achieve the necessary higher 
energy intakes equivalent to that of the other two groups. H1ckson et 
al (1977) and Cost111 et al (1977) found that elevated pre exercise 
FFA concentrations resulted in a CHO sparing effect which prolonged 
endurance capacity. It can be seen from Table 4.14 that the control 
group's resting FFA concentrations showed no d1fference before e1ther 
of the two Trials; th1S fact 1S surpr1sing cons1dering the extra fat 
and protein which was consumed by subjects in this group before Tr1al 
2. 
Therefore it is clear from these results that the improvements in 
performance cannot slmply be due to the extra energy consumption 
alone, since 1f th1S were the case then all three groups would have 
shown similar 1ncreases 1n endurance capacity. 
The FFA and glycerol results (Table 4.14) show that the three 
groups had sim1lar 1ncreases in these two metabol1tes at the end of 
both Trial 1 and Tr1al 2. This 1S to be expected, Slnce it reflects 
the greater reliance placed on fat metabol1sm towards the end of 
prolonged exercise. Similar f1ndings have been reported by Rodahl, 
Miller and Issekutz (1964) and Pruett (1970). Nevertheless, an 
interesting find1ng is that both the confect1onery and pasta groups 
had slgnif1cantly lower resting FFA concentrat1ons before Trial 2. 
Th1S 1S poss1bly a reflect10n of depressed FFA mob1lisat1on mediated 
through an increased plasma insul1n concentration. This does suggest 
that the h1gh CHO d1ets are influenc1ng rest1ng, as well as exerc1sing 
metabol1sm. 
The fact that there were slgnificant 1ncreases in urea and ur1C 
acid concentrat1ons dur1ng the Trials suggests that protein metabolism 
did provide some contribut1on to total energy expend1ture. Th1S would 
be consistent with the f1nd1ngs of Lemon, Dolny and Sherman (1982), 
who found a significant increase in urea excretion dur1ng prolonged 
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exercise Wh1Ch they suggested was due to protein catabolism and/or 
amino acid oxidat1on. However 1t is 1nteresting to note that the 
consumpt1on of h1gh CHO diets appeared to have no effect on 
concentrat1ons of urea or ur1C acid at rest, or the subsequent rise in 
these concentrations during exercise. The sim1lar Trial 1 and Trial 2 
changes in urea and uric acid for the confectionery and pasta groups 
1S perhaps surpr1s1ng when it is remembered that these groups 
demonstrated increases in Tr1al 2 run times of 23 and 25 percent 
respectively. Moreover, the urea and uric aC1d concentrations of the 
two high CHO groups at the end of Trial 2 were not slgn1f1cantly 
different from those of the control group. 
In view of the eV1dence Wh1Ch would suggest a large Sh1ft towards 
CHO metabol1sm for the confectionery and pasta groups, 1t 1S perhaps 
surpris1ng that the blood lactate concentrations for these groups were 
not found to be h1gher on Tr1al 2. Many investigators, 1ncluding 
Rennie and Johnson (1974) and Yosh1da (1984) have reported higher 
blood lactate concentrat1ons for subjects running at submaximal 
exerCIse 1ntens1ties following CHO loading, reflect1ng a rlse 1n the 
rate of glycogenolysis, due to the extra availability of glycogen. 
Nevertheless, th1S find1ng was not observed 1n this study. It is 
poss1ble that even w1th the 1ncreased rate of glycogenolys1s, the TCA 
cycle was st111 able to cope with the extra product1on of pyruvate, 
thus preventing an accumulation of blood lactate. It is poss1ble that 
elevated blood lactate accumulations after the high CHO diet would 
have been observed had the exerC1se intens1ty been greater, thus 
causIng more of a m1smatch1ng between the rate of pyruvate production, 
and its uptake into the TCA cycle. 
Blood glucose concentrations also showed no change after the high 
CHO diets. Th1S 1S 1n contrast to the f1ndings of Rennie and Johnson 
(1974) and Galbo et al (1980). Renn1e and Johnson (1974) attributed 
this to either a rise in glucose output from the liver, or a drop 1n 
glucose uptake from the muscles due to the extra availabil1ty of 
glycogen. However 1n these stud1es, blood glucose levels fell durIng 
exercise on the normal diets; the 'elevated' levels after h1gh CHO 
d1ets were 1n fact a prolonged maintainence of normal levels. Glucose 
output" from the l,ver may be expected to r1se following CHO d1ets 
since they have been shown to elevate both liver and muscle glycogen 
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concentratIons. In the present study, blood glucose homeostasls was 
maintained throughout Trial 1 by all three groups, therefore the 
chances of observing elevated blood glucose concentrations due to the 
hIgh CHO diets were dimInIshed. 
One notable exceptIon was that of the subject who completed a 
marathon on his second Trial. As FIgure 4.6 illustrates, hIs blood 
glucose levels had begun to fall quite dramatically at exhaustIon on 
Trial 1, whereas on Trial 2 blood glucose homeostasis was maIntained 
throughout the run. 
The absence of any differences in exercIse IntensIty, heart rates 
or ventIlatIon between the two trials for eIther the confectIonery or 
pasta groups suggests that there is no 'whole body' decrease In the 
effort required to complete an exercIse task after CHO loading, 
especially In its early stages. Unlike the benefIts obtained from a 
training programme, a task which initially required 707. of V02 max 
will not suddenly requIre a lower relative work rate after the body's 
glycogen stores have been Increased. What CHO loading does appear to 
do, is enable the runner to continue running at the same intensity for 
longer perIods of time before energy stores run out. 
The prevIous section of thIs chapter proposes that there is not the 
close relatIonshIp between muscle glycogen depletion and fatIgue that 
has been repeatedly demonstrated In cycling studIes. Therefore the 
reason why CHO loadIng can stIll enhance endurance performance needs 
explanation. It is pOSSIble that as well as there being differential 
muscle glycogen depletion when runnIng, there IS also dIfferentIal 
muscle glycogen repletIon. Only those fibres whIch have become 
depleted will show evidence of supercompensation. Bergstrom and 
Hultman (1966) fIrst showed that supercompensation IS confined to the 
exerCIsing muscle mass; it is also possible that within thIS muscle 
mass, supercompensation IS confined to the workIng fibres. This is 
supported by the findings of a study by Costll1 et al (1973) who 
suggested that submaXlmal runnIng primarIly results in glycogen 
depletion from the Type 1 (slow twitch) fIbres. It is possible that 
thIS is related to increased glycogen synthetase I actIvIty in the 
working muscles and fibres only. ThIS therefore means that the need to 
draw upon the less effIcient fIbres WIll be delayed, and pOSSIbly 
aVOIded. 
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FIgure 4.6 Blood glucose concentratlons for one subject dUrlng Trial 1 and Tnal 2. 
All three groups demonstrated significant increases 1n body we1ght 
between Tr1al 1 and Tr1al 2. The fact that this 1ncrease ranged from 
only 0.51kg to 0.70kg 1S perhaps surpr1sing, since much h1gher we1ght 
increases have been reported after CHO 10ad1ng by some invest1gators. 
After a four day per10d on a high CHO diet, Olsson and Saltin (1970) 
found a 2.4kg increase in body weight, due largely they claimed to the 
water associated w1th glycogen. Thus in compar1son to these find1ngs, 
the body we1ght increases observed 1n the present study do appear to 
be very small. The mean we1ght 1ncrease of the confect10nery and pasta 
groups was approximately 0.6kg. Assum1ng that there has been no weight 
loss from other sources, such as the body's fat reserves, then this 
can be taken to represent the body's add1tional stores of glycogen and 
associated water. The est1mated extra glycogen stored 1S therefore 
approx1mately 150g (assuming a rat10 of glycogen to water of 3:1). It 
can be seen from Table 4.18 that the est1mated addit10nal glycogen 
used on Trial 2 was 91g and 66g by the pasta and confect10nery groups 
respect1vely. Thus 1f th1s extra glycogen is stored 1n the muscles and 
muscle f1bres where it is requ1red dur1ng exerc1se, then the 
apparently small 1ncreases in weight wh1ch have been observed could 
well be representat1ve of the add1t10nal glycogen required to ach1eve 
large increases 1n performance. If th1s is the case, then it dispells 
one of the fears expressed by Sharman (1981) concern1ng the poss1ble 
d1sadvantages of weight ga1n after CHO 10ad1ng. 
The fact that the control group also exper1enced a we1ght gain 1S 
l1kely to be related to the extra fat and prote1n they consumed, which 
may have resulted 1n an Increase in fat stores. 
There does not appear to be any obv10us evidence to suggest that a 
secondary advantage of CHO loadIng IS to offset dehydratIon and aid 
thermoregulatory processes (Sharman 1981, MacLaren and Lanaghan 1983). 
Had this been the case, then it 1S possible that the plasma volume 
decrease would have been less after the h1gh CHO diets, as would flu1d 
intake and core temperatures. These have all been suggested as 
possible ind1cators that the water assoc1ated w1th the extra glycogen 
stores 1S in some way used to maintaIn fluid balance and offset 
dehydrat10n during exercise. However the calculated changes In plasma 
volume were the same for both the confect10nery and pasta groups on 
• 
Trial 1 and Tr1al 2, and there was no evidence to suggest that either 
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the rate of fluid intake, or the absolute amounts of flu1d drunk, were 
any less after the h1gh CHO diets. 
Figure 4.5 shows the core temperature response of four subjects who 
consumed one or other of the h1gh CHO d1ets, and on whom core 
temperature data was obtained on both tr1als. The highest post run 
core temperature recorded was 40.1 DC, with the mean values be1ng 39.5 
DC and 39.3 DC at the end of Trial 1 and Trial 2 respect1vely. It 1S 
clear that these subjects demonstrate no difference in the1r core 
temperature response after the h1gh CHO d1ets. 
4.5 CONCLUSIONS 
The role of high CHO diets 1n elevat1ng pre exerC1se muscle 
glycogen stores and thus prolonging endurance capacity has long been 
established in studies with cyclists. However there 1S little evidence 
to suggest that these diets have any benef1t in extend1ng endurance 
capac1ty when running. Despite th1S, many runners str1ctly follow high 
CHO d1etary regimensprior to long d1stance races. Thus th1s study set 
out to see whether or not h1gh CHO diets are successful in prolog1ng 
endurance runn1ng capacity. 
Follow1ng exerC1se induced deplet10n of muscle glycogen stores, 1t 
is known that consumpt10n of d1ets high in carbohydrate result 1n what 
is known as muscle glycogen 'supercompensat10n' (Ahlborg et al 1967). 
For three days prior to complet1ng an 1nitial run to exhaust10n at 70% 
V02 max, all of the subjects ate prescribed 'normal' d1ets to ensure 
that CHO 1ntake was normal. After this run the subjects were d1v1ded 
1nto three difTerent d1etary groups. Two of the groups ate diets 
designed to increase CHO 1ntake; since th1s also 1nvolved an 1ncrease 
1n energy intake, the third group ate a diet wh1ch was isoenerget1c 
with the other two, but which obta1ned this extra energy from eating 
fat and prote1n. 
Of the two high CHO groups, one consumed the extra CHO 1n the 
'trad1t10nal' form of pasta, spaghetti and starches, whilst the second 
group ate their extra CHO in the form of confect10nery supplements to 
the1r normal d1ets. 
The success of the CHO diets 1n prolonging endurance capac1ty was 
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clear; the contectlonery group lncreased thelr endurance capaclty by 
237., the pasta group by 267.. This was compared to a 37. lncrease 
demonstrated by the control, high energy group. 
There was also clear evidence to suggest that, after the hlgh CHO 
diets, the contribution of CHO to metabollsm increased from the onset-· 
of exercise. 
There were no differences in the performance results or the 
phYSlological responses of the two high CHO groups. ThlS suggests that 
the two dietary reglmenswere equally effectlve in prolonging endurance 
capacity, and that CHO consumed in confectionery form as a supplement 
to a normal dlet is a sucessful method of consumlng a high CHO dlet. 
In addltion, since subjects were able to lmprove upon thelr flrst 
performances after only 72 hours on a hlgh CHO diet, thlS study 
emphaslses the use of high CHO dlets in alding recovery after 
prolonged strenuous exercise. 
There was no evidence of any thermoregulatory beneflt assoclated 
with the hlgh CHO dlets, as has previously been suggested (Sharman 
1981, HacLaren and Lanaghan 1983). Fluid lntakes, plasma volume 
changes and core temperature response were all the same during the 
hlgh CHO groups' second trlals. 
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SECTION B. THE INFLUENCE OF SELECTED PHYSIOLOGICAL CHARACTERISTICS 
ON ENDURANCE RUNNING CAPACITY. 
4.6 INTRODUCTION 
In the run to exhaustion on Trial 1, there were no significant 
differences between the performance times of the three groups. However 
within each group there were considerable differences in performance 
times between Individuals, with run times ranging from 75 to 150 
minutes. Therefore, a re-examination of the Trial 1 data was 
undertaken to determine whether or not any physiological 
characteristics influenced, and could possibly be used to predict, an 
Individual's endurance capacity. 
So for the purpose of this study, the performances In Trial 1 of 
the thirty subjects who took part In the Investigation into high CHO 
dlets were examined with respect to such factors as V02 max and blood 
lactate accumulation. 
Recently there has been speculation that females may be better 
suited to endurance running than males. This has been associated With 
the fact that females generally have higher percentages of body fat 
than males (which can be used to provide an ample fuel source once 
carbohydrates have become depleted>. Therefore the physiological 
responses and performances on Trial 1 of two groups of male and female 
subjects were examined. 
4.7 EXPERIMENTAL PROCEDURES 
The experimental protocol which was followed has been preViously 
described in Section A, with all the subjects being encouraged to run 
for as long as possible. 
Statistical Analysis. 
Statistical analysis of the results Involved the use of parametric 
andn~~~p-ara~etrlct-tests to Investigate differences between samples, 
Pearson Product Moment correlations to examine relationships between 
variables, and Page's L Trend analysis to examine changes in variables 
over time. 
4.B RESULTS. 
The IndiVidual physiological characteristiCS of the male and 
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female subjects are presented In Table 4.22. Compared to the females, 
the males were heavier (72.7 kg vs 57.8 kg, p<O.Ol) had significantly 
higher VOz max values (58.7 ml. kg- 1 mln- 1 vs 50.2 ml.kg-1 mln-1 , 
p<O.OOl), and had higher maximum ventilatory responses (126.1 l.mln- 1 
vs 91.7 l.min-1 , p<O.Ol). 
The mean physIological characterIstics for the entire group of 
thirty subjects are also shown in Table 4.22, the mean VOz max value 
beIng 54.1 (~7.8) ml.kg- 1 min- 1 • 
Two running speeds, 187.7 m.min- 1 and 214.6 m.min- 1 were selected 
to compare the runnIng economy of the male and female sUbjects. These 
speeds were chosen as they were the speeds most commonly used by both 
the males and females during the experiments to assess submaximal 
oxygen uptakes. At 187.7 m.min- 1 , the oxygen uptakes were 35.8 (!1.7) 
and 35.4 (~2.3) ml. kg- 1 mln-' for'the males and females respectively. 
At 214.6 m.mln- 1 , the oxygen uptakes were 40.8 (~2.3) and 39.6 
, 
(~1.5) ml. kg- 1 mln- 1 for the males and females respectIvely. No 
sIgnIfIcant dIfferences were found between the runnIng economy of the 
males and females at eIther of the two speeds. 
Dietary Patterns 
The mean daily energy Intake over the three day period preceeding 
the experIment was 9.84 (~2.23) MJ. The contrIbutions of 
carbohydrate, fat and proteIn to total energy Intake were 51% (289 g), 
37% (93 g) and 12% (93 g) respectIvely. 
Performance Results 
The IndIvidual performance results for the males and females are 
presented In Table 4.23 along with the overall results for the entire 
group. Largely as a result of theIr higher VOz max values, the running 
speeds whIch elicited 70% VOz max for the males were found to be 
sIgnifIcantly faster than those of the females (214.3 m.mln-· vs 189.6 
m.min- 1 ). The mean running speed for all the subjects was 202.0 
(!28.4t m.mln- 1 • Both the males and females demonstrated strong 
relatIonshIps between VOz max and runnIng speed at 70% VOz -max, and 
this is Illustrated In FIgure 4.7. 
There was no sIgnIfIcant dIfference In the run tImes between the 
two groups, wIth the females running on average 112.90 (!19.3) 
minutes compared to the 113.45 (~21.9) mInutes of the men. However, 
sInce it has been noted that the males were running at faster speeds 
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than the females, it to be expected that the distance covered 
males of 23.91 (~3.69) km was significantly further than the 
by the 
21.15 
(~3.30) km covered by the females (p<0.05), despIte the sImIlarity in 
their run times. A comparison of the dIstances run and times between 
the males and females IS shown in Figure 4.8. 
Within the entire group, run tImes ranged from 75.0 to 150.0 
minutes (mean 113.2 !20.3), whilst dIstances run ranged from 16.30 
km to 28.74 km (mean 22.54 ~3.76). 
The mean pre and post exerC1se plasma FFA and glycerol 
concentrations for the whole group, plus those of the males and 
females, are shown in Table 4.24. Here the Slze of the sample 1S 
reduced to 25 due to the unava1lab1lity of venous blood samples for 
some of the subjects. 
Both FFA and glycerol concentratIons showed signifIcant increases 
post exerCIse (p<O.OOl). The FFA concentrations 1ncreased from 0.317 
(!0.159) mM to 1.058 (!0.342) mM (p<O.OOI), whIlst glycerol 
increased from 0.066 (~0.033) mM to 0.577 (!0.236) mM (p<O.OOl). 
There was not however, a signIfIcant dIfference between the male and 
female FFA and glycerol concentrat1ons either before or immediately 
after exerCIse. 
The mean energy expenditure was 5.94 (!1.53) MJ, 7.06 (!1.37) MJ, 
and 4.82 (~O.56) MJ for the entIre group, the males and the females 
respectIvely (Table 4.25). The males' total energy expendIture was 
signIficantly greater than that of the females (p<O.OOl). 
The mean rate of energy expendIture was 0.05 MJ.mln- 1 for the 
entIre group, and 0.06 MJ and 0.07 MJ for the males and females 
respectIvely (Table 4.25). The rate of energy expend1ture of the males 
was signifIcantly greater than that of the females (p<O.OOl). 
The Relationship Between Selected PhYSIologIcal CharacteristIcs 
and endurance capaCIty. 
No relatIonship was found between VD2 max and run time, although a 
poor correlation (r=0.435, p<0.05) was found between VD2 max and 
distance. These fIndings are illustrated In Figure 4.9 and in Figure 
4.10. 
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Figures 4.11 and 4.12 present the relationship between running 
speed and both distance and time achieved for the whole group. 
Although no relationship was found to eXist between speed and 
distance, a poor negative relationship (r=-0.523, p<0.01) exists 
between speed and time; ie those subjects running fastest had the 
shortest run times. 
In an attempt to find a possible predictor of subjects' endurance 
capacity at 707. V02 max, the relationship between the values of 
selected variables after 15 minutes and final performance was 
examined. The values after 15 minutes of blood glucose, blood lactate, 
change in blood lactate, relative heart rates and relative ventIlation 
showed no significant relationshIp with final run times. 
However when these variables were correlated with the distance run, 
the following 
1. There 
between blood 
4.13). 
significant results were obtained: 
was a poor negative relationship 
glucose after 15 minutes and final 
(r=-0.393, p<0.05) 
distance (Figure 
2. There was a poor negative relationship (r=-0.364, p<0.05) 
between blood lactate after 15 minutes and final distance (Figure 
4.14). 
3. There was a poor negative relatIonship (r=-0.392, p<0.05) 
between heart rates after 15 minutes and final distance (Figure 4.15). 
4. There was a modest negative relationship (r=-0.642, p<0.01) 
between heart rates expressed as a percentage of maximum, and final 
distance (Figure 4.16). 
In addition, no relationship was found between either pre exercise 
glycerol and run distance or tIme, and pre exercise FFA and run 
distance or time. 
Energy Expenditure. 
The mean energy expenditure of the entire group was 5936 KJ (5.94 
MJ), which represents approximately 607. of their mean total dally 
energy Intake of 9.84 MJ. The males' energy expenditure of 7.06 MJ was 
significantly greater (p<O.001) than the 4.82 MJ expended by the 
females (Table 4.25). 
As would be expected, both the distance run (r=0.642, p<O.Ol) and 
run time (r=0.516, p<O.Ol) were found to be related to the total 
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energy expend1ture (Figures 4.17 and 4.18). In addit1on, and aga1n as 
expected, there was a modest pos1t1ve correlat1on (r=0.681, p<0.01) 
between subject weight and total energy expend1ture (F1gure 4.19). 
When energy expenditure was expressed in terms of the rate of 
energy expended per minute (Table 4.25), the mean value for the entire 
group was 53.0 (t11.4) KJ.min- 1 • The males' rate of energy 
expend1ture (62.6 t6.7 KJ.m1n- 1 ) was slgnificantly greater (p<0.001) 
than that of the females (43.3 t5.1 KJ.m1n- 1 ). Runn1ng speed was 
found to be related to the rate of energy expend1ture (r=0.555, 
p<0.01), as was body weight (r=O.810, p<0.01). 
In order to compensate for the influence of body we1ght on energy 
expenditure, results were expressed in terms of the rate of energy 
expended per kilogramme of body weight per m1nute (KJ.kg- 1 m1n- 1 , Table 
4.25). Mean values for the ent1re group, the males and the females 
were 0.809, 0.865, and 0.753 KJ.kg- 1 min- 1 respect1vely. The male value 
was aga1n sign1ficantly greater than that of the females (p<0.01). 
When the energy expended was expressed in th1S way, a modest 
correlation was demonstrated w1th run t1me (r=-0.389, p(0.05),' Wh1lst 
there was no relat1onsh1p with distance run. However a very strong 
relationsh1p was found between the energy expenditure per k1logramme 
per m1nute and speed (r=0.898, p(0.01). Th1S relat10nship is to be 
expected, Slnce the energy expend1ture results have been der1ved from 
each ind1v1dual's V02 , Wh1Ch is of course closely related to running 
speed and body we1ght. Both these slgn1f1cant relat10nships are 
11lustrated 1n F1gures 4.20 and 4.21. 
In the followlng part of th1S results section, Wh1Ch describes 
certain physiolog1cal changes occurr1ng dur1ng the prolonged period of 
runn1ng, those results presented 1n the tables and f1gures are for the 
f1rst 60 minutes of running, and at exhaust10n, because this period 
was achieved by all subjects. In add1tion to the changes which have 
been observed for the whole group, comparisons will also be made 
between the phYS1010g1cal responses of the male and female subjects. 
Changes during the experiment. 
Table 4.26 shows the changes 1n oxygen uptake (expressed as a 
percentage of V02 maxI, respiratory exchange rat10s (R), vent1lat10n 
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(VEl, tidal volume, breathing frequency, ventilatory equivalent 
(VEFFI, heart rates, blood glucose, blood lactate and stride length 
for the thirty subjects throughout the exercise period. Trend analysIs 
revealed that there was a significant rise In oxygen uptakes during 
the course of the runs (p<O.0011. Despite the constant speed, exercise 
intensity rose 3.270, from 68.9 (~3.01 70 V02 max after 15 minutes to 
72.1 (~4.21 70 V02 max at exhaustion. Further significant increases 
were also recorded for VE and heart rates (p<0.0011. The ventilation 
rate increased from 55.6 (±7.61 of 70 VE max after 15 minutes, to 63.6 
(~9.21 of 70 VE max at exhaustion. This was due to the combination of 
a significant rise in breathing frequency (from 40 breaths per minute 
after 15 minutes to 54 breaths per minute at exhaustionl, and a 
significant drop in tidal volume (1.48 1 after 15 minutes to 1.33 1 at 
exhaustionl. Heart rates increased from 85.4 (±5.51 70 to 92.6 (±5.81 
70 HR max. between 15 minutes and exhaustion, representing a mean rise 
of 14 beats per minute. Blood lactate was also found to increase 
Significantly (p<O.Oll, from 2.45 (~1.171 mM after 15 minutes to 3.13 
(~1.291 mM at exhaustion, as did VEFF, from 25.10 (±2.831 after 15 
minutes to 27.47 (~3.201 at exhaustion. However R values decreased 
Significantly (p<O.OOll, from 0.916 (~0.0281 to 0.888 (±0.0331 
between 15 minutes and exhaustion. After an early rise from resting 
values no significant change was found In blood glucose 
concentrations. 
Despite the constant speed, a significant decrease (p<0.011 In 
stride length was found as exercise progressed. The mean decrease was 
0.03m, from 1.18m after 15 minutes to 1.15m at exhaustion, With the 
maximum decrease by anyone subject being 0.09m. 
Male and female differences during the experiment. 
During the experiment, no Significant differences were found 
between the males and females in terms of exercise intenSity, R 
values, blood glucose or blood lactate concentrations. 
Although the males were found to have significantly higher absolute 
ventilation rates (p<O.OOll, this could probably be attributed to 
their larger body weights, since when VE was expresed In relative 
terms (ie as 70 VE maxI, no difference was found between the males and 
females. 
However the females were found to have significantly higher (ie 
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poorer) VEFF than the males throughout the experiment (p<0.05). In 
addItIon the females had sIgnIfIcantly hIgher heart rates In both 
absolute (p<0.05) and relahve (p<O.Oll terms when compared to the 
males. These male-female dIfferences are illustrated by FIgures 4.22, 
4.23 and 4.24. 
Body WeIght. 
As can be seen from Table 4.27, body weIghts fell on average by 
2.37. during the experiment. This decrease ranged from 1.57. to 3.57.. 
The reduction In body weIght for the females was 2.277. (~0.64), 
compared to a reductIon of 2.357. (~0.54) for the males. These values 
were not sIgnIfIcantly dIfferent. 
FlUId Intakes. 
The flUId intakes of the subjects during the e>:penment are shown 
In Table 4.27, both In absolute terms, and also In terms of the mean 
intake per mInute of exercIse. The mean flUId Intake was 1.66 (~1.44) 
mls per mInute rangIng from only 0.12 mls per mInute to 7.47 mls per 
mInute. The mean total Intake was 195 (~173) mls. 
The female subjects drank an average of 1.45 (~1.11) mls per 
mInute, compared the males who drank 1.87 (t1.B2) mls per mInute. 
These results were not sIgnIfIcantly dIfferent. 
Plasma Volume. 
Changes In plasma volume durIng the experIment are shown In Table 
4.27. These showed considerable inter-IndIvIdual varIance, rangIng 
from an Increase of 3.47., to a decrease of 15.47.. Overall, plasma 
volume demonstrated a decrease of 5.2 (t5.3) 7., wIth the female 
reductIon of 5.67. (t5.B) beIng simIlar to the male reductIon of 4.B7. 
(~4. 8) • 
No relatIonshIp was found between flUId Intake and fall In body 
weIght, flUId Intake and change In plasma volume, or between change In 
plasma volume and fall In body weIght. 
Care Temperature. 
Of the subjects who agreed to allow core temperature to be 
monItored, complete data far the entire perIod of the experIment was 
obtaIned from ten (two male and eIght female subjects). In order to 
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between the male and female subJects. 
FIgure 4.23 A COmpilrlSOn of the heart riltes between the 
male ilnd female subjects. 
Figure 4.24 A COmpilrlSOn of the %HR mil>: between the 
mille and female subJects. 
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standard1se' the results 1n terms of the duration of the exper1ment, 
they have been expressed 1n terms of the relat1ve percentage of the 
run completed. Th1S was poss1ble because frequent sampl1ng was carr1ed 
out (every 5 m1nutes). 
F1gure 4.25 shows the pattern of the core temperature response 
dur1ng the exercise; it can be seen that th1S response is of a 
tr1-phasic nature, w1th an initial early rise, followed by a 
mid-exerc1se plateau, and conclud1ng w1th a further rise before the 
cessation of exerC1se. 
The mean r1se 1n core temperature was 2.34 (to.61) QC, with the 
range be1ng from 1.55 QC to 3.35 QC. At exhaustion, core temperatures 
ranged from 38.55 QC to 39.90 QC, the mean being 39.40 (to.44) QC. 
No relat1onsh1p was found between the total rise 1n core 
temperature during the run, and e1ther run time, fluid intake, or both 
the relat1ve and absolute 1ncreases 1n heart rate and vent1lat1on. 
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Flgure 4.25 The core temperature response to prolonged runnlng at 707. VO~ max. 
TABLE 4.22 THE PHYSIOLOGICAL CHARACTERISTICS OF THE SUBJECTS. 
A. MALES 
AGE WEIGHT IJOz MAX VE MAX MAX HR 
SUBJ yrs kg l.mln- l ml.kg-lmino·l.min- l b.mln- l 
1. 20 71.6 4.24 59.7 144.7 207 
2. 22 63.0 4.16 66.0 124.6 213 
3. 19 63.8 4.22 66.2 133.3 183 
4. 21 72.0 4.42 61.4 123.6 186 
5. 25 72.5 4.34 59.8 101.4 194 
6. 18 54.4 3.20 58.3 111.4 201 
7. 24 72.8 4.05 55.7 130.7 189 
8. 22 82.8 4.44 53.7 143.1 201 
9. 34 69.7 3.92 56.4 118.4 185 
10. 25 79.1 4.63 58.5 129.9 190 
11. 20 69.1 4.09 59.2 134.5 198 
12. 30 72.7 5.15 70.9 143.2 186 
13. 43 75.0 4.14 55.3 118.3 175 
14. 55 84.2 3.89 46.2 114.0 164 
15. 27 87.9 4.66 53.0 120.3 183 
MEAN 27 72.7 4.19 58.1 126.1 190 
,!:SD 10 8.6 0.46 6.4 12.6 13 
B. FEMALES 
AGE WEIGHT VD,. MAX VE MAX MAX HR 
SUBJ yrs kg 1.mln- 1 ml. kg-ImIno' l.min- l b.mln- 1 
1. 20 61.5 3.16 51.4 85.6 170 
2. 22 59.3 2.63 44.4 83.5 196 
3. 19 61.9 3.00 48.6 95.7 181 
4. 23 56.6 3.06 54.1 100.2 191 
5. 20 53.9 2.90 53.8 100.5 193 
6. 23 52.8 2.91 55.2 88.1 206 
7. 23 50.6 2.96 58.5 91.3 194 
8. 39 61.3 2.89 47.2 109.6 170 
9. 28 52.3 2.09 39.9 92.6 186 
10. 22 61.1 3.10 50.7 92.7 190 
11. 20 54.1 2.96 54.8 75.2 190 
12. 35 72.9 2.66 36.5 74.2 172 
13. 23 59.1 3.44 58.2 107.1 184 
14. 21 54.2 2.64 48.8 82.9 203 
15. 27 55.9 2.89 51.9 95.9 191 
MEAN 24 57.8 2.89 50.2 91.7 187 
'!: SD 6 6.8 0.30 6.3 10.4 11 
C. WHOLE GROUP. 
• AGE WEIGHT IJOz MAX VE MAX MAX HR 
SUBJ yrs kg l.min- l ml. kg-Imino, l.mln- l b.mln- l 
MEAN 26 65.3 3.56 54.5 108.9 189 
,!:SD 8 10.4 0.78 7.4 20.9 12 
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TABLE 4.23 PERFORMANCE RESULTS. 
A. MALES 
SPEED TIME DIST 
SUBJ (m.mln- 1 ) (mlns) (km) 
1. 228.0 89.0 20.29 
2. 222.6 114.0 25.39 
3. 257.5 109.0 28.07 
4. 203.8 134.0 27.33 
5. 219.9 75.0 16.30 
6. 222.6 125.5 27.94 
7. 203.8 110.0 22.42 
8. 177.0 115.3 20.41 
9. 201.2 129.0 25.96 
10. 206.5 136.0 28.08 
11. 214.6 116.0 24.90 
12. 276.2 75.0 20.73 
13. 214.6 127.0 27.25 
14. 155.6 150.0 23.33 
15. 209.2 97.0 20.29 
MEAN 214.3 113.5 23.91 
'!:.SD 28.4 21.9 3.69 
B. FEMALES 
SPEED TIME DIST 
SUBJ (m. ffil n-1 ) (mlns) (km) 
1. 203.8 82.0 16.75 
2. 160.9 133.0 21.40 
3. 174.3 120.0 20.92 
4. 195.8 92.0 18.01 
5. 219.9 118.3 26.01 
6. 193.1 110.0 21.44 
7. 203.8 141.0 28.74 
8. 179.7 120.0 21.56 
9. 147.5 145.0 21.40 
10. 201.2 96.3 19.36 
11. 211.9 120.0 25.43 
12. 147.5 116.0 17.11 
13. 217.2 90.0 19.55 
14. 187.7 120.0 22.53 
15. 198.5 90.0 17.86 
MEAN 189.6 112.9 21.15 
'!:.SD 23.3 19.3 3.30 
C. WHOLE GROUP 
SPEED TIME DIST 
(m.min- 1 ) (mins) (km) 
MEAN 202.0 113.2 22.53 
:!:SD 28.4 20.3 3.76 
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TABLE 4.24 
PRE AND POST EXERCISE FFA AND GLYCEROL CONCENTRATIONS (mM). 
A. MALES (n=13) 
MEAN 
±.SD 
B. FEMALES 
MEAN 
±.SD 
FFA 
PRE POST 
0.291 
0.152 
(n=14) 
PRE 
0.337 
0.161 
FFA 
1.050· 
0.296 
POST 
1.085* 
0.489 
C. WHOLE GROUP (n=27) 
MEAN 
±.SD 
FFA 
PRE POST 
0.317 
0.159 
1.058-
0.342 
GLYCEROL 
PRE POST 
0.059 
0.039 
0.667* 
0.283 
GLYCEROL 
PRE POST 
0.065 0.513* 
0.024 0.158 
GLYCEROL 
PRE POST 
0.066 
0.033 
0.577* 
0.236 
* p<O.OI Signlflcant lncrease from pre exerClse values. 
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TABLE 4.25 ENERGY EXPENDITURE. 
TOTAL RATE RATE 
(MJ) (KJ. min-') (KJ.mln-·kg-·) 
WHOLE GROUP 5.9 53.0 0.809 
,!:SD 1.5 11.4 0.103 
MALES 7.1 62.6 0.865 
:!:SD 1.4 6.7 0.072 
FEMALES 4.8 43.3 0.753 
:!:SD 0.6 5.1 0.100 
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TABLE 4.26 SELECTED RESPONSES DURING EXPERIMENT FOR THE WHOLE GROUP. 
15 30 45 
REST mlns mlns mins 
V02 (ml.kg-·mln-') 37.3 37.3 37.6 
;tSD 1.6 1.5 1.6 
"V02 MAX 68.9 68.9 69.5 
;tSD 3.0 2.8 3.0 
VE U.min-· ) 60.5 61.5 61.7 
;tSD 9.9 10.3 10.6 
"VE MAX 55.6 56.5 56.7 
;tSD 7.3 7.3 7.4 
TIDAL VOL. (1) 1.48 1.43 1.43 
;tSD 0.34 0.33 0.35 
BREATHS PER MIN 40.1 44.0 44.1 
:!:.SD 10.7 7.9 8.5 
V02 /VE 25.10 25.53 25.41 
;tSD 2.83 3.00 2.75 
R 0.847 0.916 0.905 0.892 
:!:.SD 0.058 0.028 0.038 0.032 
HR (b. min-') 161 165 167 
;tSD 13 13 13 
"HR MAX 85.4 87.3 88.4 
;tSD 5.5 5.4 5.4 
LACTATE (mM) 0.71 2.45 2.71 2.59 
;tSD 0.33 1.17 1.30 1.23 
GLUCOSE (mM) 4.44 4.79 5.01 5.11 
;tSD 0.35 0.83 1.24 1.34 
STRIDE (m) 1.18 1.18 1.17 
LENGTH :!:.SD 0.19 0.19 0.18 
* p<O.Ol 
Slgni ficant change dUrIng exercise. 
** p<O.OOl 
1 = Increase. 
d = Decrease. 
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60 
mins EXH 
37.6 39.0**' 
1.8 2.3 
69.5 72.1 **l 
3.3 4.2 
62.8 69.3**' 
10.6 11.8 
57.7 63.6**' 
8.2 9.2 
1.39 1. 33**d 
0.32 0.34 
46.2 53.8**' 
8.1 9.2 
25.75 27. 47*' 
2.90 3.20 
0.896 0.888*-d 
0.036 0.033 
169 175**' 
13 12 
89.4 92.6**' 
5.6 5.8 
2.71 3.13*1. 
1.41 1.29 
5.06 4.60 
1.29 1.26 
1.16 1.15**d 
0.18 0.18 
TABLE 4.27 
FLUID INTAKES, DECREASE IN BODY WEIGHT AND CHANGE 
IN PLASMA VOLUME DURING THE EXPERIMENT. 
INTAKE INTAKE WT. P.Vol. 
SUBJ (ml sI (ml. min- 1 I 7- 7-
1. 228 2.56 1.51 -6.4 
2. 165 1.42 2.20 -14.0 
3. 34 0.31 2.78 +3.3 
4. 198 1.48 NO -6.0 
5. 24 0.32 2.05 -2.0 
6. 100 0.80 NO NO 
7. 822 7.47 1.99 NO 
8. 159 1.38 2.27 +2.4 
9. 141 1.09 NO -8.5 
10. 212 1.56 3.66 -7.5 
11. 338 2.91 2.08 +0.3 
12. 25 0.33 2.45 -5.6 
13. 445 3.50 2.48 -5.6 
14. 326 2.17 NO -8.0 
15. 80 0.82 2.33 -5.1 
16. 23 0.28 ND NO 
17. 384 2.89 1.45 -6.4 
18. 82 0.68 NO -15.4 
19. 292 3.17 1.77 -8.9 
20. 47 0.40 2.23 NO 
21. 177 1.61 2.82 -10.9 
22. 333 2.36 3.50 -1.1 
23. 371 3.09 2.13 -0.9 
24. 196 1.35 2.14 +3.0 
25. 12 0.12 2.25 -7.5 
26. 31 0.26 NO -11.3 
27. 189 1.63 1.52 +3.4 
28. 130 1.44 3.28 NO 
29. 270 2.25 1.95 -3.9 
30. 16 0.18 2.22 -7.3 
n 30 30 23 25 
MEAN 195 1.66 2.31 -5.2 
:!:.SO 173 1.50 0.58 5.2 
ND = No data. 
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4.9 DISCUSSION. 
Selected Physiological Characteristlcs and thelr Relatlonship 
to Performance. 
The results of thlS study suggest that the value of V02 max as an 
indicator of endurance capacity is llmlted. Amongst subjects wlth 
slmilar running experlence the abllity to sustain 707. of V02 max does' 
not appear to be reflected ln a h1gh V~ max per se. ThlS would. be 
conslstent w1th the results of Bland and W1lllams (1982), who found 
that a period of training resulted in a 5237. 1ncrease in endurance 
capaclty, whilst V02 max only increased by 11.27.. 
The modest correlation between V02 max and d1stance run lS 11kely 
to be a partlal reflectlon of the relat10nship between V02 max and 
running speed. Over a glven period of time, those subjects running 
fastest w1II ObV1ously cover more dlstance than the slower run~ers. 
A strong negat1ve relatlonshlp eXlsts between runn1ng speed and run 
tlme; thus as would be expected the faster runners expend energy at 
the fastest rate. It is reasonable to assume that all the subjects 
have similar pre exerClse muscle glycogen concentrations, as they are 
at similar levels of fitness and have eaten controlled diets for the 
previous three days (Hermansen et al 1967). Thus if it lS the 
depletion of muscle glycogen which causes fatigue in exerC1se of this 
nature (Bergstrom and Hultman 1967), then those subjects exercislng at 
the higher rate (le runn1ng fastest) will deplete thelr muscle 
glycogen stores first and therefore have the shortest run tlmes. 
Although certaln investlgators (Gollnick et al 1972; Plehl, Adolfson 
and Nazar, 1974) have found that muscle glycogen stores are hlgher in 
trained than untrained subjects, all the subjects 1n this study could 
be sald to be ln Slmilar, moderately well tralned states. 
The possibil1ty that changes in certain phYS1ological parameters 
durlng the first 15 m1nutes of exerC1se may be indicative of a 
subject's endurance capacity was also investigated. The rat10nale 
behind chosing values after 15 minutes was that it may be posslble to 
h1ghlight a pred1ctor of endurance capacity after only a short per10d 
of exerC1se. However the duration of exercise appears to be 
independent of any change 1n heart rate, ventilation, blood glucose, 
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blood lactate or R values. It would seem 11kely that the slngle most 
important determ1nant of submaximal endurance capac1ty 1S muscle 
glycogen (Ahlborg et al 1967), a factor which was not measured in this 
study. 
However, a number of sign1ficant relat1onsh1ps between run d1stance 
and changes in certain phys1ological parameters during the f1rst 15 
minutes of exerC1se were found, as well as the previously ment10ned 
relationsh1p between V02 max and d1stance. However, 1n general these 
were only modest relationships. 
The negat1ve relationsh1p between blood glucose after 15 minutes 
and d1stance does not tend to suggest that fat1gue is associated with 
low blood glucose concentrat1ons (Chr1stensen and Hansen 1939), Slnce 
those subjects running the longest d1stances had the lowest blood 
glucose values after 15 m1nutes. Slnce it is known that adrenaline 
stimulates the release of glucose from the 11ver (Astrand and Rodahl 
1977), it 1S possible that h1gh glucose concentrat1ons 1n the early 
stages of exerClse may reflect the catecholam1ne response to e1ther 
h1gh running speeds, or the degree of difficulty which subjects were? 
f1nd1ng the runn1ng. 
The subjects with the highest absolute and change in blood lactate 
concentrat1ons also tended to cover the least d1stance. This could 
aga1n be a reflection of the degree of d1fficulty which these subjects 
found the exerC1se intensity. It 1S well documented that athletes who 
are less well trained have h1gher blood lactate concentrat1ons at 
given submax1mal exerClse intensit1es than those who are well tra1ned 
(Cost111 et al 1973). Thus the results from th1S study would tend to 
suggest that those subjects who run furthest not only have the highest 
V02 max values, but also run at the fastest speeds w1th less 
accumulation of blood lactic acid. 
An alternative explanation for this relat10nship between the rise 
in blood lactate and distance covered, 1S that if blood lactate is a 
reflect10n of the rate of glycolYS1S, it 1nd1cates the rate of 
carbohydrate metabol1sm (Rennie and Johnson 1974). Thus those subjects 
demonstrating the highest blood lactate concentrations may be relying 
heavily on carbohydrate metabolism and will therefore deplete their 
glycogen stores first, so fat1guing earl1er. However if th1S were the 
case, then a negative relationship between the R value after 15 
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minutes and distance would be expected, but thIs was not eVIdent. 
Those subjects wIth the lowest relatIve and absolute heart rates 
after 15 minutes were also found to run furthest. ThIs could be 
related to the low blood lactate accumulatIons as an indIcator of 
fItness, since lower heart rates at submaxlmal exercise intensities 
after a period of traIning are frequently observed (Ekblom 1969, FlInt 
et al 1974). 
Thus in summary, although no sIngle factor clearly indicated the 
length of tIme for which subjects could sustaIn 70% of V02 max, a 
number of factors were IndIcatIve of the distance which subjects were 
lIkely to cover. Those subjects who were able to run further had the 
hIghest V02 max values and ran at the fastest speeds. In additIon, at 
these speeds they exhibIted lower absolute and relatIve heart rates, 
and lower accumulatIons of blood lactate. Furthermore, they appeared 
to be able to maIntaIn glucose homeostasls better In the early stages 
of exercIse, possibly due to a more controlled catecholamine response. 
Some investigators have reported that elevated pre exercIse FFA 
levels may have a 'carbohydrate sparIng' effect, and hence prolong 
endurance capacity (Hickson et al 1977, Costlll et al 1977). Although 
none of the subjects in this study demonstrated abnormally hIgh FFA or 
glycerol concentratIons, no relationship was found between eIther of 
these two variables and final distance or time. Thus subjects wIth the 
hIghest pre exercIse FFA concentratIons dId not show any tendency to 
run any further or longer than other SUbjects. Furthermore, no 
relatIonship was found between pre exercIse FFA or glycerol 
concentrations, and the R values after 15 minutes, which would have 
been expected had there been any carbohydrate sparIng In the early 
stages of exercIse. 
Male and Female ComparIsons 
The similarity between the run tImes of the male and female 
subjects demonstrates that, at the same relative exercise intenSIty, 
females can compete on equal terms WIth men. This would tend to 
suggest that there are no subtle d1fferences, at for example the 
muscle fibre level, between males and females; rather the fact that 
genetIc factors have generally endowed males with greater aerobIC 
126 
capacitIes than females enables the males to run faster at given 
relatIve exercise intensltes. It is well accepted that, compared to 
males, females generally have smaller hearts (and thus lower stroke 
volumes), smaller lung capacities, lower haemoglobin concentratIons, 
lower blood volumes and higher percentages of body fat (Drinkwater, 
1973). These factors combIne to limit the maximum oxygen uptakes of 
females. The results of this study support this concept, sInce the 
higher V02 max values of the males IS reflected in theIr faster 
runnIng speeds at 70% V02 max, due in turn to the fact that the males 
and females had sImIlar submaximal running economy. Therefore despIte 
the similar male-female run tImes, the males ran sIgnificantly further 
than the females due to their faster runnIng speeds. 
This absence of any subtle male-female differences when runnIng at 
the same relative exercise Intensity is reflected in the fact that no 
dIfferences were found In the R values, blood glucose or blood lactate 
concentratIons during the runs between the two sexes. Decreased blood 
lactate concentratIons and R values at a given exercIse intensity are 
accepted indIcators of improved fItness after a period of training; 
sInce there were no dIfferences of this kInd between the groups, It 
suggests that both the male and female subjects were In SImilar states 
of traIning. Had thIS not been the case, male and female comparisons 
would have been Inappropriate. 
However, the females were running with higher relative and absolute 
heart rates compared to the males, and also had poorer ventllatory 
effiCIency. ThIS latter findIng is hl(ely to be hnked to the lower 
V02 max values found with females, SInce It reflects a lesser abilIty 
to extract to oxygen from inspIred air, and IS possibly due to smaller 
lung volumes and lower haemoglobin concentrations. 
It is difficult to account for the hIgher female heart rates. The 
fact that the males had lower heart rates than the females would 
suggest that they were in a better state of training than the females, 
but If this were the case then they would have also been expected to 
have lower R values and blood lactate concentrations. Females have 
smaller stroke volumes than males, thus high heart rates would be 
needed to maintain cardIac output. Furthermore, cardiac output would 
need to be higher in females in order to compensate for theIr lower 
haemoglobin concentrations. Since some subjects of both sexes were 
able to sustaIn near maximum heart rates for tIme perIods In excess of 
one hour, it is unhkely that high heart rates will limit performance 
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capaclty during thlS form of submaxlmal exercise. However it is 
posslble that hlgh heart rates may themselves be lndlcative of some 
other process which may be limitlng to performance. 
Energy Expenditure. 
The conslderable metabolic demands placed on the subjects by thlS 
experiment are clearly demonstrated by the fact that it demanded on 
average 60Y. of subjects' total dally energy lntake. The hlgher total 
energy expenditure of the males in comparlson to the females can 
largely be attrlbuted to two factors. Flrstly the males were found to 
be heavier than the females, and a strong posltlve correlation was 
found between welght and total energy expenditure. Secondly the males 
ran signlflcantly further than the females, and a strong posltive 
correlation was found between total energy expendlture and dlstance 
covered. The fact that it lS not always the fastest subjects who 
expend the most energy supports the findings of Wllllams and Nute 
(1983), who highllghted the llnk between energy expendlture and 
welght, due to the hlgh oxygen cost of runnlng wlth a large body mass. 
This lS further lllustrated by the strong correlatlon between the rate 
of energy expenditure (KJ.mln-') and subject welght. This is an 
expected result when lt lS remembered that the energy expendlture 
results are derlved from the oxygen and carbon dloxlde intakes 
expressed in lltres per mlnute. When the lnfluence of welght on energy 
expendlture was ellmlnated (by expressing the results in terms of KJ 
kg-'mln-') lt lS clear that the main factor controlllng the rate of 
energy expendlture lS runnlng speed. This would conflrm the flndlngs 
of Margaria, Cerretelli, Aghemo and SaSSl (1963), who reported a 
llnear relationshlp between energy expendlture and running speed. 
Therefore the prlmary factors controlllng total energy expenditure 
were, in addltlon to the rate of energy expendlture, subject weIght, 
run dlstance and run tlme. 
FFA and Glycerol 
Pre exercise, post exercise and delta FFA and glycerol 
concentratlons showed no differences between the males and females. 
This flnding, comblned with the similar R values, seems to indicate 
that there are no male-female differences ln the contribution of 
carbohydrates and liplds to metabolism during prolonged submaximal 
exercise. This therefore discounts the possibility that females are 
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able to rely more on fat metabolism than males. 
Changes durIng the experiment. 
i. Oxygen Uptakes 
Despite the constant, submaxlmal runnIng speed, It is clear from 
Table 4.26 that the concept of true 'steady state' was never really 
attaIned for any prolonged period d~lring the experiment. 
Oxygen uptakes were found to Increase sIgnIfIcantly throughout the 
experIment, in agreement with the fIndIngs of Saltln and Stenberg 
(1964) and MacDougall et al (1974). Hartley (1977) claImed that 
Increases in oxygen uptake during prolonged exercise may be a 
reflection of the increasIng oxygen demand required to metabolIse 
fats. It can be calculated from the R values that the contribution of 
fat to metabolIsm in this study rose from 297. after 15 mInutes, to 387. 
at exhaustion. This represents an Increase in o}:ygen consumption of 
0.67., whIch accounts for only a small fraction of the 4.67. rIse In 
oxygen uptakes which was observed. It IS lIkely that the remainIng 
Increase was due a deterioratIon In runnIng style, and hence running 
economy, as fatigue sets in. In addition, the oxygen cost of increased 
ventilation (to be dIscussed below) wIll rIse durIng exercIse. 
In contrast to this finding of a rise In oxygen uptakes durIng 
prolonged exercise, Sawka et al (1979) reported no change In oxygen 
uptakes after 90 mlnut~s of runnIng at 707. VOz max. Maron et al (1976) 
actually observed a drop In oxygen uptakes whIch was not related to 
any fall in runnIng speed towards the end of a marathon. They 
attrIbuted their results to an Increase In runnIng effICIency due to a 
rise in muscle temperature, although they could possibly have been due 
to changes In wind resIstance and terraIn. 
11. Ventilation 
The SIgnifIcant rIse in ventIlatIon seen In this study has been 
frequently observed by other InvestIgators (MartIn et al 1981, Hanson 
et al 1982), and has become known as 'venhlatory drift'. The e}:act 
mechanisms behind it are unknown, although MartIn et al (1981) claIm 
that metabolIc acidosis or an increase in core temperature are 
pOSSIbly important. They also state that ventl1atory drIft is 
dIsadvantageous, sInce ventIlatIon IS an important part of an 
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athlete's perceIved rate of exertion, although Hanson et al (1982) 
state that It IS benefIcial, since it helps regulate the exchange of 
hydrogen ions. In th,s study, ventilation started to drIft upwards 
from the early stages of exercise, yet subjects were able to continue 
running for considerable periods of tIme. Even at exhaustion, 
vent,lat,on was on average only 647. of maximum (havIng risen from 567. 
after 15 minutes), thus it would seem unlikely that this drIft has 
placed any severe lImitation on performance. 
It can be seen from Figures 4.26, 4.27 and 4.28 that the rise in 
vent,lat,on corresponded with an Increase in breathing frequency and a 
fall in tidal volume. ThIs conflicts wIth the fIndIngs of MartIn et al 
(1981), who attributed ventllatory drift to a rIse in breathIng 
frequency alone, although Hanson et al (1982) found a fall In tIdal 
volume along wIth a rise in breathing frequency during prolonged 
exerCISE. 
ili. Heart Rates 
The heart rate response durIng prolonged runnIng IS consIstent wIth 
the results of studIes prevIously recorded In the lIterature (Salt,n 
and Stenberg 1964, MacDougal1 et al 1974), where heart rates were 
found to rIse progressIvely throughout perIods of submaxlmal exercise. 
One explanatIon for thIs is the need to maIntain cardIac output in the 
face of the thermoregulatory demands placed on the body during 
exercise. A peripheral redIstrIbutIon of blood occurs as exercIse 
progresses, both to supply the workIng muscles with oxygen, and to aid 
thermoregulatIon. To prevent a decrease in blood pressure heart rate 
is increased to compensate for the reduced stroke volume and maIntaIn 
cardiac output. Both Salt,n and Stenberg (1964) and HacDougal1 et al 
(1974) attrIbuted the rise in heart rates durIng submaxlmal exerCIse 
to the need to compensate for a fall in stroke volume. 
iv. R Values 
The signifIcant drop In R values was expected, as a reflection of 
the increasIng contribution of fats to metabolIsm as exerCIse 
progresses. However, since run times were In the region of 120 
mInutes, and distances approached 30km, It IS perhaps surprIsIng that 
the mean R values only fell as low as 0.888 (representing 
contrIbutions to metabolism of 627. from CHO, and 387. from fat). 
Compared to cycle ergometer studies of sImIlar intensit,es and 
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duration (Bergstrom et al 1967), it is perhaps surprising that the R 
values were not seen to fall any lower. 
One explanation for this IS that the 'whole body' R value may not 
be an accurate reflection of the intramuscular respiratory quotient, 
especially during exercise where a large muscle mass is involved. 
Maron et al (1976) reported that during running, a par-allel 
relationship was found between ventilatory eqUivalent for oxygen 
(VEFF) and R values. They claimed that especially during the latter 
stages of an event, hyperventilation means that increasing lipid 
metabolism is not always reflected in the R value. No relationship of 
that kind was found In this study. Schultz (1985) has stated that this 
hyperventilation is caused by the need to buffer lactate from the 
blood, and hence questions the reliability of R values in representing 
fat and CHO contributions to metabolism. 
In contrast to the views of Maron et al (1976), Jansson (1980) 
claimed that the R value is In fact a very good estimate of the 
contribution of CHO and fat to metabolism, although her claims were 
based on findings from cycling studies. It is possible that these high 
R values at the end of exhaustive running may be further evidence 
highlighting the physiological differences between running and 
cycling. In running, Costlll et al (1973) questioned the existence of 
a simple muscle glycogen - performance relationship, since they found 
considerable glycogen left In the fast twitch fibres of the quadriceps 
muscle after an exhaustive 30km race. They attributed fatigue to the 
Inability to recruit these fibres which still contained glycogen. 
In the present study, where subjects had to run at a constant pace, 
it is pOSSible that subjects were able to utilise these fibres to some 
extent by changing their running gait. This would help explain the 
relatively high R values, but at the same time attempting to change 
gait Whilst running at a constant speed results In biomechanlcal 
inefficiencies and hence expedites the onset of fatigue. There may 
also be some neurological difficulty in recruiting fibres not 
previously trained for use in this form of exercise. Thus although 
glycogen is available, the problem faced by subjects running at a 
constant speed is the recruitment of the fibres containing thiS fuel 
source. 
In this study, it is likely that most of the preferentially used 
slow twitch fibres were depleted, but the R values were maintained by 
the utilisation of glycogen from the glycogen full fast tWitch fibres. 
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However on their own these were unable to support locomotlon at the 
requIred level wlthout a decrease ln running efflclency, and hence 
fatigue leadlng to the cessatlon of exerClse. 
The fact that there were no dlfferences in the R values for the 
male and female groups suggests that there was nO tendency for the 
females to rely more heavily on fat for fuel than the males ThlS i~ 
despite the likelihood that the females had hlgher percentages of body 
fat. 
v. Blood Lactate 
The fact that blood lactate was also found to increase dunng the 
experiment is, to a certain extent, sllghtly surprising. Astrand et al 
(1963) suggested that after prolonged exerClse, subjects were unable 
to produce hlgh concentratlons of blood lactlc aCld, even after 
maximal effort. They related this to a decrease ln glycolysis linked 
to depletlon of muscle glycogen. 
Durlng an 80 minute run by 7 females, Gass et al (1983) found no 
slgniflcant changes in blood lactate concentrations, Wh1lst after 180 
minutes of cycling at 757. V02 max, Saltin and Stenberg (1964) found a 
slgnlf1cant decrease 1n blood lactate. 
It lS poss1ble that the rise in blood lactate seen ln this study 
may be llnked to the prev10usly d1scussed lncreas1ng use of 9lYCOljtic 
fast twitch f1bres. This is supported by the work of Sklnner and 
McLennan (1980), who clalmed that recru1tment of fast tW1tch f1bres at 
the end of prolonged exerClse results ln a r1se in blood lactate. 
Nevertheless, lt lS interestlng to note that for the major part of 
th1S exper1ment, mean blood lactate accumulations were ln the reg10n 
of 2.5 mM, and dld not r1se to concentrat1ons normally assoclated w1th 
fatIgue. 
vi. Blood Glucose 
Blood glucose homeostasis was ma1ntalned throughout the experiment, 
thus contrad1ct1ng the early work of Chrlstensen and Hansen (1939), 
who suggested that fall1ng blood glucose was the maln cause of fatigue 
during moderate submaximal exerC1se. Our results support the more 
recent work of Fellg et al (1982) and Hall et al (1983), who clalmed 
that hypoglycem1a does not generally Ilm1t endurance performance. 
Fellg et al (1982) deflned hypoglycemia as occurring when blood 
glucose falls below 2.5 mM. 
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Only 5 out of the thirty subjects were found to have values th1S 
low at the end of exerc1se, and th1S arose after approx1mately 120 
m1nutes of runn1ng. Thus, 1n general, fat1gue at exhaust10n could not 
be attr1buted to conditions of hypoglycemia. 
Fluid Intakes, Plasma Volume and Body Weights 
The fluid 1ntakes of the subjects were generally below those 
reported and recommended dur1ng prolonged long distance runn1ng 
(Magazan1k et al 1974, Maron et al 1977). The h1ghest intake of any 
subject, 0.82 litres, was below the one lltre of flu1d per hour 
recommended by Sinclair et al (1983), whilst the mean flu1d 1ntake by 
all the subjects was only 0.2 litres. The large ind1v1dual d1fferences 
in flu1d intake were in llne w1th the findings of Myhre et al (1982) 
and Nagazan1k et al (1974), and reflect indiv1dual preferences for 
consum1ng flu1d Wh1lst runn1ng. It would appear that one of the 
problems of drink1ng Wh1lst runn1ng 1S the feel1ng of discomfort 
associated w1th hav1ng large volumes 1n the stomach. Th1S is not 
always evident when cycl1ng, where the stomach 1S supported to a 
greater extent than 1n runn1ng. 
The methodology by which flu1d intakes served to subjects may also 
play some part 1n influenc1ng the volumes which are drunk. If flu1d is 
placed 1n cups, then not only is the volume drunk d1ctated by the 
runner to a certa1n extent, but there 1S also cons1derable diff1culty 
in mon1tor1ng the flu1d which is spilt when drinking. Furthermore, 1n 
compet1t1ve races, runners may be reluctant to dr1nk for fear of 
losing t1me. In our study, subjects had complete control over the 
volume and frequency of dr1nking, and the use of a drinking bottle 
ensured that there was no sp1llage. It was easy to drink whilst 
running, and no flu1d was lost Wh1lst d01ng so. Therefore, 1t may not 
be unreasonable to suggest that the results from th1s study represent 
an accurate reflect10n of the demands of subjects for flu1d Wh1lst 
runn1ng. 
The fact that no relat1onsh1p was found between flu1d 1ntake, 
weight loss or change in plasma volume supports the V1ews of Costill 
et al (1970) who claimed that under competitive cond1t1ons, it is 
impract1cal to consume the volumes of fluid which are required to 
balance fluid loss. However the lack of any relat10nship between fluid 
intake and percentage decrease in body we1ght is 1n contrast to the 
results of Nyhre et al (1982), who found that these two factors were 
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inversely related. 
The mean fall in body weight was 2.37., rangIng from 1.57. to 3.77.. 
ThIs suggests that all of the subjects were experIencing at least some 
degree of dehydration, although none could be saId to be severely 
dehydrated. 
The change in plasma volume varied consIderably between 
indIviduals, with the mean change being a decrease of 5.37.. Costll1 
and Fink (1974) suggested that for each percentage drop In body 
weight, Individuals would experIence a 2.27. drop In plasma volume. 
Although the mean values from our study would tend to suggest that 
thIs relatIonshIp is valid (sInce for each percentage drop in weight 
there was a 2.37. drop In plasma volume), the dangers of generalising 
from mean values is clear from Table 4.27, as th1S relationship by no 
means holds true for every indIvidual. FIve subjects actually 
demonstrated an increase In plasma volume, consistent with the 
flnd1ngs of Astrand and Salt1n (1964). They attrIbuted this to the 
release of water stored with glycogen and the production of water 
during combustIon of fuel stores, resulting 1n haemodilutIon as 
haematocrit concentratIons remain constant and plasma levels increase. 
Saltln and Stenberg (1964) and Sincl~lr et al (1983) have suggested 
that a reduction in plasma volume reduces stroke volume, whIch has to 
be compensated for by a r1se in heart rate. However, no relatIonship 
was found between the change in plasma volume and the change In heart 
rate during thIs experiment. 
It also seems unlIkely that the volumes of fluid consumed In this 
study can have any noticeable effect on the malntainence of plasma 
volume. 
The core temperature results (Table 4.28) indicate that no subjects 
were in serIous hyperthermIc conditIons at the end of exercise. 
Despite faIrly large varIations in resting values, thIs range 
gradually decreased dur1ng the course of the experiment, Wh1Ch is 
consIstent with the results of Saltin and Hermansen (1966), and 
Nlelson (1971) who reported a proportional relatIonshIp between core 
temperature and relatIve work intensity. 
However, Salt1n and Hermansen (1966) also reported that core 
temperatures plateaued after approximately 30 mInutes of exercise 
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(cycllng). Although lt is eVldent from Flgure 4.28 that the rate of 
rise of core temperature slowed conslderably after 30 mlnutes, lt 
still contlnued to rise slowly thereafter. However, thls is not quite 
consistent with the findlngs of MacDougal1 et al (1974), who reported 
a continuous linear increase in core temperature when running at 707-
V02 max, wlth no evidence of plateauing. 
This lack of any sustained plateauing of core temperature during 
running again hlghlights the dlfferences ln the physiologlcal 
responses of running compared with cycling, which was the exerClse 
mode used by Saltln and Hermansen (1966) and Nlelson (1971). 
None of the individuals reached the values for core temperature 
reported by Pugh et al (1967) or Maron et al (1977), who reported core 
temperatures ln excess of 41 DC after a marathon race. One ObVl0US 
reason for thlS may be that the marathon runners were running at 
exercise lntensities in excess of 707. V02 max, especlally towards the 
end of the race. 
Flgure 4.28 also illustrates a secondary lncrease ln the rate of 
rlse of core temperature noted in many subjects towards the end of the 
exerClse period. This could be a reflectlon of the lncrease ln 
relative exercise intensity demonstrated by the rise in oxygen uptakes 
already dlscussed. 
In an attempt to relate thermoregulatory demands to lncreases ln 
ventilatl0n and heart rate (as noted by MacDougal1 et al 1974), the 
relatl0nship between lndlvldual rises ln core temperature and changes 
in ventilation and heart rate during the experiment were examlned. 
However no relatl0nshlp was found to eXlst. Furthermore, there was no 
relatl0nshlp between fluld intake and core temperature, again 
suggesting that moderate volumes of fluid have little effect on the 
thermoregulatory responses of the body durlng exerClse. 
4.10 CONCLUSIONS 
The previous sectl0n of thls chapter indlcated that the consumptl0n 
of high CHO diets was successful in prolonging endurance running 
capacity. However it was also evident that even when all the subjects 
had consumed the same amount of pre-exercise CHO (le before Trlal 1), 
a considerable amount of lndlvidual variatlon in endurance capacity 
was demonstrated. 
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None of the var1ables measured, 1ncluding V02 max gave any clear 
pred1ct1on of endurance capacity. Although significant rises were seen 
1n oxygen uptake, vent1lat1on, heart rates, breathing frequency and 
blood lactate, none of these increased to levels llkely to have been 
the sole cause of the cessation of exercise. The maintainance of blood 
glucose homeostasis by all the subjects does not suggest that 
hypoglycemia was a llmit1ng factor to performance (Christensen and 
Hansen 1939; cited by Astrand and Rodahl, 19771. 
Thus 1t seems likely that some other un measured factor must have 
played a major part in caus1ng the subjects to stop runn1ng. On the 
baS1S of prev10us evidence (Hermansen et al 19671, it 1S possible that 
th1S limit1ng factor may be pre-exercise muscle glycogen stores. 
Although the evidence from this study supports the view that in 
runn1ng the relat1onsh1p between endurance capac1ty and total muscle 
glycogen concentrat1ons is not as direct as has been shown in cycling 
studies (Costill et al 19731, 1t seems llkely that in running one of 
the main llm1tat1ons to prolonged exercise is the inab1l1ty to ut1l1se 
glycogen WhICh may be ava1lable in less efficient muscle groups and 
muscle fibres. 
It is also clear from these results that, when running at the same 
relat1ve exerCIse intensity, there are few differences 1n the 
physiological responses of males and females. In terms of endurance 
capacity, no dIfference was found between the males and females. Th1S 
is despite the fact that, as a group, the males had sign1f1cantly 
h1gher V02 max values than the females. Th1S fact d1d however mean 
that the males were runn1ng faster than the females, and hence 
accounted for the greater dIstances covered by the males. 
In addition, there were no differences 1n the metabollc demands of 
the experIment on the males and females; blood glucose and blood 
lactate concentrations were the same, and there was no eV1dence to 
suggest any increased ut1lisat1on of fat by the females at any stage 
during the experIment. 
Flu1d intakes during the experiment were relatively low, and showed 
extreme inter-subject variations. This may well reflect the d1scomfort 
assoc1ated w1th drInk1ng large volumes of fluid whilst runn1ng Slnce 
unlike when cycling, the stomach has less support. In addit1on, it is 
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poss1ble that some of the methods of dr1nk provision 1n runn1ng 
stud1es where h1gh flu1d intakes have been reported have not allowed 
accurate assessment of the fluid 1ngested. 
The core temperature results demonstrate a tri-phasic response 
during the exper1ment. After an in1tial rapid rise, the rate of 
increase slows, only to r1se aga1n pr10r to exhaustion. There was no 
eV1dence of a stable core temperature, as noted in other studies 
(N1elson 1970). 
Thus the results of this study indicate that V02 max is of 11m1ted 
value 1n pred1ct1ng the endurance capac1ty of an 1nd1vidual. 
Furthermore, a comparison of groups of male and female runners has 
demonstrated that the endurance capacity of females is no d1fferent to 
that of males. Th1S 1S desp1te cla1ms that females may be able to run 
for longer periods of t1me than males due to the1r h1gher percentages 
of body fat. 
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CHAPTER 5 
SECTION A. THE INFLUENCE OF HIGH CARBOHYDRATE DIETS ON ENDURANCE 
PERFORMANCE OVER 30KM. 
5.1 INTRODUCTION. 
The prevlous study has shown that, only three days after prolonged 
exhaustive running, endurance capaclty can be lmproved by the 
consumptlon of diets high In CHO. This eVldence therefore supports and 
extends the results of prevlous studles where hlgh CHO diets have been 
used to lmprove endurance capaclty during prolonged submaxlmal cycllng 
(Bergstrom et al 1967, Ahlborg et al 1967). 
The recent growth in popularity of endurance running, and in 
partlcular the marathon, has resulted in many runners following 
various dlet-exercise regimens In their pre-race preparation to 
lncrease muscle glycogen stores with the alm of lmproving performance. 
However In most races, the distance lS flxed and so it lS the rate, 
rather than the duratlon of energy supply whlch becomes all important. 
It lS perhaps surprising therefore, that llttle eVldence exists to 
support the concept that these diets enhance raclng performance, as 
well as endurance capaclty. 
Two studies with confllctlng results have attempted to examlne thls 
questlon. 
In the flrst study, Karlsson and Saltin (1971) provided the only 
reported evidence to suggest that the consumptlon of hlgh CHO dlets 
result in improved performance In endurance races. They found that 
after consuming high CHO dlets, thelr subjects were able to sustaln 
their running speeds achieved early in the race for longer perlods of 
tlme, thus resultlng in faster finishing times. 
However, desplte flnding elevated pre exerClse muscle glycogen 
concentrations after dlet and exercise manipulations, Sherman et al 
(1981) reported no positlve beneflts from the consumptlon of high CHO 
dlets on half marathon (21.1 km) performance. 
Desplte the widespread use of high CHO diets by runners, the study 
by Karlsson and Saltin (1971) remains as the only available evidence 
to support the view that these dlets do enhance endurance performance 
during running as well as cycllng. 
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Thus, having already shown In Chapter 4 that endurance capacIty can 
be extended after CHO loadIng, the aIm of thIs study was to further 
investigate performances over the same dIstance used by Karlsson and 
Saltin (1971), in an attempt to clarify the possIble benefits which 
may be obtained from muscle glycogen supercompensatl0n prIor to 
endurance races. 
In the second section of thIS chapter, the phYSIological 
characteristICS and responses of the subjects to the 30km tIme trIal 
have been examined In an attempt to learn more about the fatIgue 
processes Involved In exercIse of thIs nature. 
5.2 METHODS 
EIghteen subjects (twelve males and SIX females) volunteered to 
take part in thIS study. All of the subjects had experIence of racing 
over dIstances of at least half marathon, and 1n many cases full 
marathon distance. Nevertheless none of the subjects could be 
class1f1ed as beIng 'el1te' runners, and could generally be descrIbed 
as beIng of a 'recreatIonal' standard. 
PrelImInary test1ng conSIsted of a V02 max test, and a test to 
determlne the oxygen cost of runnlng at varlous submaximal speeds. The 
protocol for these tests has been prev10usly descr1bed In the General 
Methods (Chapter 3). 
In add1tIon, the subjects were asked to mon1tor their daily food 
1ntake for a perlod of 7 days to determ1ne the1r normal dletary 
patterns. 
The subjects were then assigned to one of two experImental groups, 
six males and three females In each. They were asked to perform two 
runs, seven days apart, over a d1stance of 30 km (18.64 miles) on a 
motor1sed treadmIll. 
For three days prIor to TrIal 1, all the subjects were prescribed 
dIets slm1lar to theIr normal d1ets, Wh1Ch were obtained from the 
1nformatlon provided by their seven day weIghed food intake. ThIS was 
to ensure that no subjects Inadvertently consumed too much Dr too 
11ttle CHO. After an overn1ght fast, subjects arrived In the 
laboratory for the flrst of the two Trlals. Pre-exercise weight was 
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taken, along with resting samples of expired air 
venous blood. The cap1llary blood was later 
and capillary and 
analysed for blood 
lactate, blood glucose and haemoglob1n, Wh1lst the venous samples were 
analysed for FFA, catecholamines, glycerol and haematocrit. The 
methodology for these assays 1S described in detail in the appendices. 
Chest electrodes were posit1oned for the monitoring of heart rates. 
Subjects were then allowed a five minute warm-up period on the 
treadm111 at running speeds equivalent to 607. VOz max. An expired air 
collect1on was taken from minutes 3.5 to 4.5 of th1S period. Once 
completed, the treadmill speed was increased to that equivalent to 707. 
of each individual's V02 max. It was felt that this was an appropriate 
'gu1deline' speed for most of the runners, although they were free at 
any time to increase or decrease their pace. Th1S they could do by 
means of a lightwe1ght hand held sW1tch, des1gned 1n our laboratory. 
The treadmill was linked to a Commodore PET computer system, as 
descr1bed 1n Chapter 3. Throughout the run, subjects were given 
constant feedback regard1ng the1r runn1ng speed, cumulat,ve time, and 
cumulat,ve d1stance. Every 30 seconds, this informat1on, plus heart 
rates, was updated onto a computer print-out. The subjects were 
encouraged to complete the distance in as fast a time as possible. 
At five kilometre ,ntervals dur1ng the run, cap1llary samples of 
blood were obta1ned from the thumb, and expired a1r collect1ons were 
taken. In add1t1on, str1de rates and breathing frequenc1es were also 
recorded at these 1ntervals. Laboratory temperature and hum1d1ty were 
recorded dur1ng the run 1n the manner described 1n the General Methods 
(Chapter 3). Subjects were allowed to dr1nk water ad llbltum 
throughout the run from a dr1nk1ng bottle placed on a stand adjacent 
to the treadmill. The t1me and volume of each drink was recorded. A 
m01st sponge was also ava1lable for cool1ng purposes only. 
On completion of the 30km d1stance, capillary and venous blood 
samples were again taken, along with post-exercise body weight. 
For the following seven day period after Trial 1, one group of 
subjects consumed a prescribed diet high in CHO and hence energy, 
whilst the second group ate a prescr1bed diet w1th a normal CHO 
content, but with a higher energy intake equivalent to that of the 
high CHO group. Since results of the previous study (Chapter 4) had 
shown that supplementatIon of normal diets with confect1onery products 
is both a conven1ent and successful means of increas1ng CHO intake, it 
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was decided that this would form the basis of the dIetary regimens 
followed by the high CHO group. 
There were two distInct phases to the 7 day dIetary 
first three days, the aim was to Increase the CHO 
period. For the 
Intake of the 
confectionery group by 70Y., resultIng in an increase in energy intake 
of 50Y.. To match this, the control group also attempted to Increase 
their energy intake by 50Y., whilst keepIng theIr CHO intake the same 
as before Trial 1. 
For the remaInIng four days, the confectIonery group attempted to 
Increase theIr CHO intake by 35Y., corresponding to a 25Y. Increase in 
energy Intake. The dIets of the control group were therefore adjusted 
to match the reduced extra energy Intake of the confectIonery group. 
Thus seven days after Trial I, subjects returned to the laboratory 
to perform TrIal 2. A schematIc illustration of the dIet-exercIse 
protocol adopted In thIs study IS shoom in Figure 5.1. The same 
experImental protocol used In Trial 1 was repeated for TrIal 2, wIth 
subjects agaIn being encouraged to complete the 30km distance In as 
fast a tIme as possible. 
StatIstIcal AnalysIs 
ParametrIc and non-parametric tests were used to examIne 
dIfferences between samples, and Pearson Product Moment correlatIons 
were used to investigate relatIonships between variables. Page's L 
Trend analysis was used to examine changes occurnng during ~he course 
of the Trials. 
5.3 RESULTS 
The mean physiologIcal characteristIcs of the subjects In the two 
groups are shown In Table 5.1. There was no signIfIcant dIfference In 
the VO,. max values of 60.5 :!:. 6.7 ml. kg. -lmin-' for the control group 
and 58.7 :!:. 6.7 ml. kg. -lmln-' for the confectionery group. 
Dietary Patterns 
The dietary patterns achieved for each group over the ten day 
experimental period are shown in Table 5.2 and FIgures 5.2 , 5.3 and 
5.4. Over the three days preceedlng TrIal 1, there was no signIfIcant 
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FIgure 5.3 Changes In CHO, fat and protein consumphon for the 
control group. 
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Figure 5.4 Changes in CHO, fat and protein consumption for the 
confectionery group. 
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difference in the energy or CHO intakes of the two groups. 
On the three day period immediately following Trial 1, the 
confect10nery group increased the1r CHO 1ntake by 70 ~ 9 7. (p<O.OOl). 
This was accompanied by a 50 ~ 9 7. increase 1n energy intake 
(p<O.OOl). Dur1ng this same period, there was no signif1cant change in 
the CHO consumption of the control group, although their energy intake 
was adjusted with the consumpt10n of additional fat and prote1n so 
that it 1ncreased by 50 ! 10 7. (p<O.OOl). There was no sign1ficant 
d1fference 1n the energy intakes of 18.2 ~ 3.8 MJ and 16.9 ! 2.6 MJ 
of the control and confect1onery groups respectively over th1S per1od. 
During the remaining four day period before Trial 2, the 24 ± 4 7. 
1ncrease 1n energy 1ntake and the 35 ~ 6 7. increase in CHO intake of 
the confectionery group were st111 sign1f1cantly greater than the 
energy 1ntakes during the 3 days preceed1ng Trial 1 (p<O.OOI). The 
control group showed no slgnif1cant change 1n their CHO consumpt1on 
over this period, although the 25 ! 9 7. 1ncrease in energy intake was 
also sign1f1cantly greater than the pre-trial 1 energy 1ntake 
(p<O.OOl). Dur1ng this period there was no slgn1ficant dlfference 
between the total energy intakes of the two groups. 
Whereas the additional energy consumed by the confect10nery group 
came predomlnantly from CHO, the extra energy 1ntake of the control 
group was largely due to the consumption of additional fat. During the 
1n1t1al three day post-trial 1 period the fat intake of the control 
group increased by 99 ± 19 7. (p<O.OOl). Over the subsequent four day 
period, fat intakes for the control group were 50 ~ 18 7. above 
pre-tr1al 1 values (F1gure 5.2). 
Performance Results 
The lndividual and mean results for subjects in each group are 
shown 1n Table 5.3. 
On Tr1al 1, the mean run time over the 30km d1stance for the 
control group was 135.04 ~ 13.52 minutes, whilst the mean run t1me 
for the confect1onery group was 137.46 ~ 16.42 minutes. There was no 
slgn1ficant difference in the Tr1al 1 t1mes of the two groups. On 
Trial 2 the mean run t1me for the control group was 135.26 ± 14.10 
m1nutes. Th1S represents a mean decrement 1n performance of 0.22 
m1nutes (0.167.), Wh1Ch was not significantly different from Trial 1. 
The mean Trial 2 time for the confectionery group was 134.90 ~ 16.39 
m1nutes, an 1mprovement on Tr1al 1 of 2.56 m1nutes (1.867.). However 
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these improvements did not reach the statistical of 
significance. Nevertheless, eight out of the nine subjects in the 
confectionery group ran the 30km distance faster on Trial 2. The 
largest improvement by any subject was 7.0i., who took 151.28 minutes 
on Trial 1, but only 140.73 minutes on Trial 2. 
The mean running speeds over each 5km on Trial 1 and Trial 2 for 
the two groups are shown in Figures 5.5 and 5.6. There were no 
differences in the running speeds during the two Trials for the 
control group. However the confectionery group's mean running speed 
over the last 5km of Trial 2 (218.3 t 43.4 m.min-,was significantly 
faster (p<O.OOl) than the speed over the corresponding 5km of Trial 1 
(206.5 ! 46.7 m.mln- 1 ). 
Trend analysis indicates significant decreases in running speed 
over the course of the two trials for both the groups. 
Oxygen Uptakes 
The oxygen uptakes for the two groups during Trial 2 are shown in 
Table 5.4. These results are also expressed in terms of their 
percentage of VOz max in Table 5.5. During Trial 1, the confectionery 
group's m~an relative exerCise intensity was between 68.4i. and 72.6i. 
of VOz max, whilst the control group were running at between 62.0i. and 
71i. of VOz max. Trend analysis revealed no significant change in 
oxygen uptakes for either group throughout Trial 1. 
On Trial 2, the relative exercise intensity of the confectionery 
group ranged from between 70.2i. and 71.5i. of VOz max, whilst the range 
for the control group was between 61.6i. and 70.6i. of VOz max. There 
was no Significant change in the oxygen uptakes of the confectionery 
group during Trial 1, although the control demonstrated a significant 
fall in oxygen uptakes (p<0.05). 
No differences were found for either of the two groups when the 
oxygen uptakes on Trial 2 were compared to those on Tr1al 1. 
Heart Rates 
Absolute and relative heart rates are shown in Tables 5.6 and 5.7 
respect1vely. The absolute heart rates ranged from between 169 and 180 
beats per m1nute for both groups, equivalent to between 89 and 94 
percent of maximum heart rate. Neither group showed any sign1f1cant 
change 1n heart rates throughout Tr1al 1 or Trial 2, despite decreases 
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in running speed. Furthermore there was no difference between the 
heart rate response on Trial 1 compared to that on Trial 2 for e1ther 
of the two groups. 
Ventilation 
Absolute (l.min- 1 ) and relative (7.VE max) vent1lation rates are 
shown in Tables 5.8 and 5.9 respectively. These ranged from between 59 
l.m1n-l (507. VE max) and 74 l.m1n- 1 (647. VE max) for the two groups. 
No dlfferences in ventIlatIon rates between the two trials were found 
for either group. Furthermore ventilat10n rates were not found to 
change slgniflcantly during Trlal 1 or Trlal 2 for either group. 
R Values 
The R values for the control and confectlonery groups are shown in 
Table 5.10. Both groups demonstrated signlflcant decreases In R values 
on TrIal 1 and TrIal 2 (p<O.OOl). During TrIal 1 the control group's R 
values decreased from 0.913 (~0.037) to 0.868 (! 0.059), whilst the 
confectIonery group's R values decreased from 0.919 (~0.054) to 
0.883 (~ 0.053). On TrIal 2 the R values for the control group 
decreased from 0.918 (~0.031) to 0.854 (! 0.016), and those for the 
confectionery group decreased from 0.948 (~ 0.041) to 0.893 (! 
0.026). Although there appeared to be a trend for the confectIonery 
group to have higher R values on TrIal 2 compared to Trial I, these 
values were only signifIcantly hIgher at the 5km and 20km pOInts. 
There was no slgnif1cant dIfference In the R values on Trial 1 and 
TrIal 2 for the control group. These results are further Illustrated 
in FIgures 5.7 and 5.8. 
Blood Lactates 
The Trlal 1 and TrIal 2 blood lactate concentratIons for the two 
groups are shown in Table 5.11. Apart from a signIfIcant decrease 
demonstrated by the control group during Trial 1 (p(0.05), no other 
SIgnificant changes were found in blood lactate over the course of the 
two trIals. After completIon of the 30km on TrIal 2, the confectIonery 
group had signiflcantly higher blood lactates than after Tr1al 1 (3.58 
! 2.57 mM vs 2.39 ! 1.50 mM, p<0.05). ThIS was the only signifIcant 
dIfference in the blood lactate concentrations on Trial 1 and TrIal 2 
for either group. 
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Blood Glucose 
The blood glucose concentratIons are shown In Table 5.12. The 
control group's blood glucose concentratIons showed a sIgnificant 
decrease during both trials (p<O.OOll, from 4.79 mM to 3.79 mM on 
TrIal 1, and from 4.92 mM to 3.56 mM on TrIal 2. There were no 
dIfferences between this group's blood glucose concentratIons on Trial 
1 and Trial 2. 
The confectionery group also demonstrated a sIgnifIcant decrease In 
blood glucose concentratIons durIng Trial 1 (p<O.OOll, from 4.86 mM to 
3.83 mM. However there was no signifIcant change in blood glucose 
concentratIon durIng Trial 2. Reflected In thIS was the fact that the 
confectIonery group's blood glucose concentratIons were higher on 
Trial 2 at 20km, 25km, and 30km compared to the same stages on Trial 
1. A comparIson of the Trial 1 and Trial 2 blood glucose 
concentratIons for both groups IS shown In Figures 5.9 and 5.10. 
The lowest blood glucose concentratIon for any subject was 1.21 mM 
after completion of Trial 1. Three other subjects also had blood 
glucose concentratIons below 2.5mM on completIon of the 30km dIstance. 
Plasma FFA and Glycerol 
The pre and post exercise plasma FFA and glycerol concentratIons 
for both groups on Trial 1 and Trial 2are shown In Tables 5.13/5.14. 
WIthout exception, the post-exercIse plasma FFA and glycerol 
concentrations were found to increase Significantly (p<O.OOll. 
Comparing TrIal 1 and TrIal 2, there were no SIgnIfIcant differences 
in the pre-exercise or post-exercise FFA or glycerol concentrations 
for eIther the control or confectIonery groups. Furthermore, there was 
also no difference in the Trial 1 or Trial 2 delta FFA or glycerol 
values,for eIther group. 
Plasma Catecholamine Response. 
The plasma catecholamine response of the two groups is presented In 
Table 5.15. NoradrenalIne and adrenalIne were found to rIse 
SIgnIfIcantly durIng TrIal 1 and Trial 2 for both groups. However the 
confectIonery group's adrenaline concentration at the end of Trial 2 
(1.92 ±0.58 nMI was signiflcatly lower (p<0.051 than both the 
correspondIng concentratIon at the end of Trial 1 (5.43 ~0.11 nMI, 
and that of the control group at the end of Trial 2 (3.08 ~1.83 nMI. 
In addition, the confectIonery group's noradrenaline concentration 
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at the end of Tr1al 2 (15.79 ~2.69 nM) was slgnificantly higher 
(p<O.Ol) than the corresponding concentration of the control group 
(9.22 ~2. 77 nM). 
Energy Expend1ture 
The energy expenditure of the two groups on both trials, estimated 
from the V02 and R values, are shown 1n Table 5.17. The total energy 
expenditures for Trial 1 were 7.59 ~ 0.76 MJ and 7.99 ~ 0.95 MJ for 
the control and confectionery groups respectively. On Tr1al 2, the 
total energy expend1ture for the control group was 7.60 + 0.79 MJ, 
Wh1lst for the confectionery group It was 7.93 ~ 0.96 MJ. These 
values were not slgnificantly different from those on Trial 1. 
However the contribution of CHO to total energy expend1ture rose 
signlf1cantly for the confectionery group on Tr1al 2 (from 5.27 + 
0.63 MJ to 5.71 ~ 0.69 MJ, p<0.05). Th1S corresponded to a 
significant decrease in the contribut1on from fat. No relationship of 
th1S sort was found with the control group. 
Estimated Muscle Glycogen Ut1llsat1on 
Estimates of muscle glycogen depletion were made based on the 
f1nd1ngs of Hall et al (1983), who claimed that 84X of total CHO 
metabol1sm came from muscle glycogen. These results are shown 1n Table 
5.18; the estimated muscle glycogen ut1l1sation on Trial 1 was 257 + 
31 grammes for the confectionery group and 237 ~ 24 grammes for the 
control group. On Tr1al 2 the control group's estimated muscle 
glycogen util1sat1on was 228 ~ 24 grammes Wh1Ch was not slgn1f1cantly 
dlfferent from Trial 1. The correspondlng value for the confectlonery 
group was 278 ~ 34 grammes, a sign1f1cant increase compared to Trlal 
1 (p<O. 05). 
Fluid Intakes 
The flu1d 
the trials, 
1ntakes showed considerable ind1vidual variation dunng 
ranging from only 39 mls by one subject in the 
confectionery group dur1ng Trial 2, to 1525 mls by a subject in the 
control group during Trial 1. Table 5.18 shows the mean Trial 1 and 
Trial 2 fluid intakes for both groups. The mean intakes for the 
control group were 353 ~ 454 mls on Tr1al 1, and 298! 209 mls on 
Trial 2. For the confectionery group, the Trial 1 and Tr1al 2 intakes 
were 349 + 189 mls and 370 ~ 252 mls respect1vely. Neither group 
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demonstrated any sign1ficant difference between fluid intakes on Trial 
1 and Trial 2. 
Plasma Volumes 
The changes in plasma volume are shown in Table 5.20. The 
confect1onery group's plasma volume decreased by 7.0 ~ 3.5 7. and 5.9 
+ 3.4 7. on Tr1al 1 and Trial 2 respect1vely. The respective Trial 1 
and Tr1al 2 changes for the control group were +0.8 ~6.0 7. and -4.7 
+ 7.3 7.. Ne1ther group showed any slgn1f1cant difference in the 
change in plasma volume on Trial 2 when compared to Trial 1. 
Str1de Length 
The stride length of the control group was found to decrease 
slgn1ficantly throughout both Tr1als (p<0.001). The confectionery 
group's str1de length decreased sign1ficantly during Trial 1 (p<0.01), 
but was not found to change during Trial 2. These results are shown 1n 
Table 5.21. 
Body We10hts 
Dur1ng Tr1al 1, the mean decrease 1n body weight for the 
confectionery group was 1.99 (+ 0.28) kg (3.01 ~ 0.437.). Th1S was 
not slgnif1cantly different from the mean Tr1al 2 decrease of 2.07 (+ 
0.32) kg (3.10 ~ 0.48 7.). The control group's mean Tr1al 1 decrease 
was 1.92 (~ 0.31) kg (2.90 + 0.47 7.), Wh1Ch was also not 
sign1ficantly different from the Tr1al 2 decrease of 1.94 (~0.23) kg 
(2.93 ~ 0.357.). These results are shown 1n Table 5.22. 
Over the seven day dietary period, there was no signif1cant change 
in the body we1ghts of the control group, whereas the confect1onery 
group showed a slgn1ficant 1ncrease 1n we1ght of 0.83 ~ 0.46 
k1logrammes (p<0.001). 
Env1ronmental Condit1ons 
The mean laboratory temperature and humidity for both groups dur1ng 
Trial 1 and Trial 2 are shown 1n Table 5.22. There was no slgn1f1cant 
d1fference 1n these factors between the two trials for e1ther group. 
155 
TABLE 5.1 THE PHYSIOLOGICAL CHARACTERISTICS OF THE TWO GROUPS 
A. CONFECTIONERY GROUP 
AGE WEIGHT IiOz MAX OE MAX MAX HR 
yrs kg 1.mln-1 ml. kg-'ffi1no ' 1.mln-1 b.min- 1 
MEAN 28 66.0 3.90 58.7 116.2 190 
±.SD 8 7.3 0.67 6.7 20.1 11 
B. CONTROL GROUP 
AGE WEIGHT \lOz MAX \lE MAX MAX HR 
yrs kg 1. mln-' ml. kg- 1 mln-' 1.mln- 1 b.mln- 1 
MEAN 24 66.1 4.05 60.5 120.8 190 
±. SD 5 8.1 0.82 6.7 20.9 8 
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Table 5.2a Dletar~ Patterns for the Confectioner~ Grou~. 
ENERGY PRO PRO FAT FAT CHO CHO 
(MJ) (g) (;() (g) (;() (g) (;() 
PRE Tl. 11.3 105 16 114 38 334 47 
't.SD 2.0 24 3 24 3 54 2 
PHASE 1 16.9 120 12 158 35 566 53 
±.SD 2.6 24 1 27 3 88 2 
PHASE 2 13.9 105 13 133 36 452 51 
±.SD 2.4 21 3 25 2 79 1 
Table 5.2b. Dletar~ Patterns for the Control Grou~. 
ENERGY PRO PRO FAT FAT CHO CHO 
(MJ) (g) (;() (g) (;() (g) (7.) 
PRE T2. 12.1 109 16 126 39 344 45 
±.SD 2.6 17 2 34 3 67 2 
PHASE 1 18.2 181 17 248 52 364 32 
±.SD 3.8 46 2 56 3 68 2 
PHASE 2 15.0 145 16 187 47 349 37 
±.SD 2.9 27 2 44 3 60 2 
PRE Tl.: The 3 days preceeding Trial 1. 
PHASE 1: Day 1, Day 2 and Day 3 following TrIal 1. 
PHASE 2: Day 4 to Day 7 after Trial 1, leadIng up to TrIal 2. 
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TABLE 5.3 
Performance Results for the Confectioner~ and 
Control GrouEs 
TRIAL 1 TRIAL 2 
FINAL MEAN FINAL MEAN 
SUBJECT TIME SPEED TIME SPEED 
(mins) (m.mln- 1 ) (mins) (m.mln-1) 
CONFECTIONERY 
1. 119.88 250.3 118.90 252.3 
2. 137.3 218.5 135.67 221.1 
3. 142.85 210.0 150.33 199.6 
4. 145.00 206.9 143.43 209.2 
5. 156.90 191.2 154.93 193.6 
6. 109.00 275.2 106.05 282.9 
7. 123.62 242.7 119.85 250.3 
8. 151.32 198.3 144.32 207.9 
9. 151.28 198.3 140.73 213.2 
MEAN 137.46 221.3 134.90 225.6 
:tSD 16.42 28.5 16.39 29.7 
CONTROLS 
1. 146.10 205.3 152.70 196.5 
2. 142.10 211.1 144.80 207.2 
3. 133.75 224.3 142.27 210.6 
4. 142.83 210.0 130.27 230.3 
5. 144.27 207.9 139.98 214.3 
6. 149.32 200.9 149.32 200.9 
7. 119.17 251.7 119.70 250.6 
8. 109.78 273.3 110.97 270.3 
9. 128.00 234.4 127.10 236.0 
MEAN 135.04 224.3 135.26 224.1 
:tSD 13.52 24.5 14.10 24.7 
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Table 5.3a 
Mean Running Seeeds (m.min- 1 ) over each 5km for both 
Groues durlng Trlal 1 and Tri al 2. 
5 10 15 20 25 30 
km km km km km km 
CONFECTI ONERY 
TRIAL 1 233.3 233.1 231.7 221.5 214.0 206.7 
t SD 24.7 23.6 25.8 29.0 37.6 46.7 
TRIAL 2 232.0 232.3 230.0 225.8 222.6 218.6* 
:!:SD 25.5 25.0 25.5 30.6 40.5 43.5 
CONTROLS 
TRIAL 1 234.1 235.2 231.4 228.2 223.7 204.6 
t SD 23.6 22.6 22.0 22.6 26.8 42.2 
TRIAL 2 234.4 234.7 232.0 230.0 221.8 202.2 
:!:SD 23.9 22.0 23.4 26.0 27.4 37.1 
* Signiflcantly faster than on Tnal 1, p<O.OI. 
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Table 5.4 Ox~gen U~take5 (ml.ko- 1 min- 1 ) for both GroLl~5 dun no 
Tnal 1 and Tnal 2. 
WARM 5 10 15 20 25 30 
UP km km km km km km 
CONFECTI ONERY 
TRIAL 1 34.9 41.7 42.6 42.5 40.1 40.2 40.5 
:!:.SD 4.6 4.8 4.9 5.6 5.5 6.1 7.3 
TRIAL 2 34.6 41.4 41.8 41.2 41.8 41.7 42.0 
:!:SD 4.1 4.4 4.8 4.7 5.3 6.8 5.6 
CONTROLS 
TRIAL 1 35.8 41.5 41.7 41.1 40.7 40.1 36.4 
:!:.SD 5.5 6.2 5.3 4.1 3.9 4.3 8.4 
TRIAL 2 35.4 41.4 40.8 41.4 41.1 40.0 36.1 
:!:SD 5.3 5.2 4.7 5.5 6.2 5.8 5.1 
Table 5.5 Relative Exer~i5e Inten51t~ (7.VO", maxI for both GroLl25 
dunng Tnal 1 and Tn al 2. 
WARM 5 10 15 20 25 30 
UP km km km km km km 
CONFECTI ONERY 
TRIAL 1 59.4 71.0 72.6 72.5 68.4 68.5 68.9 
:!:.SD 7.8 8.2 8.3 9.5 9.4 10.3 12.5 
TRIAL 2 59.0 70.4 71.3 70.2 71.2 71.0 71.5 
:!:SD 7.1 7.5 8.1 7.9 9.0 11.6 9.5 
CONTROLS 
TRIAL 1 59.2 70.6 71.0 70.0 69.3 68.2 62.0 
:!:.SD 9.1 10.5 9.0 7.0 6.7 7.3 14.4 
TRIAL 2 58.5 70.5 69.5 70.6 70.1 68.1 61.6 
:!:SD 8.8 8.8 8.0 9.4 10.5 9.8 8.6 
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Table 5.6 Heart Rate Res~onse (b.min-1 ) for both Grou~s dun nCl 
Tnal 1 and Trial 2. 
5 10 15 20 25 30 
km km km km km km 
CONFECTIONERY 
TRIAL 1 173 176 177 174 176 175 
"!:.SD 9 11 11 12 14 14 
TRIAL 2 172 176 176 177 178 180 
:!:SD 12 12 13 10 9 12 
CONTROLS 
TRIAL 1 169 174 174 174 174 173 
"!:.SD 17 16 14 14 13 10 
TRIAL 2 171 175 176 178 177 167 
:!:SD 15 14 13 13 11 24 
Tabl e 5.7 Heart Rate Res~onse (Y.HR maxI for both Grou~s dun n9 
Tnal 1 and Tn al 2. 
5 10 15 20 25 30 
km km km km km km 
CONFECTIONERY 
TRIAL 1 90.1 91.5 91.9 90.7 91.7 91.4 
"!:.SD 4.8 5.6 5.9 6.1 7.1 7.3 
TRIAL 2 89.7 91.7 91.4 92.2 92.7 93.8 
:!:SD 6.4 6.5 6.9 5.4 4.8 6.1 
CONTROLS 
TRIAL 1 88.5 91.2 91.1 91.2 91.2 90.8 
"!:.SD 8.7 8.3 7.4 7.1 6.6 5.2 
TRIAL 2 89.7 91.8 92.6 93.3 93.1 87.6 
:!:SD 7.8 7.5 6.9 6.7 5.6 12.4 
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Table 5.8 VentilatIon Rates (l.mln- 1 ) for both Groulls 
dUrIng TrIal 1 and TrI al 2. 
5 10 15 20 25 30 
km km km km km km 
CONFECTIONERY 
TRIAL 1 71.1 73.8 73.0 68.3 66.6 67.3 
:!:.SD 11.5 11.5 9.5 10.1 7.2 14.9 
TRIAL 2 72.9 73.7 72.6 73.5 73.9 73.6 
:,:SD 11.1 12.5 9.2 12.0 14.6 12.9 
CONTROLS 
TRIAL 1 68.2 71.1 69.4 67.8 65.9 59.2 
:!:.SD 14.7 12.5 10.1 13.4 9.6 14.9 
TRIAL 2 70.0 69.7 71.6 70.4 67.3 70.0 
:,:SD 11.1 12.5 9.2 12.0 14.6 12.9 
Table 5.9 VentIlatIon Rates (7.VE max) for both Grou~s during 
TrIal 1 and TrIal 2. 
5 10 15 20 25 30 
km km km km km km 
CONFECTI ONERY 
TRIAL 1 61.2 63.5 62.8 58.8 57.3 57.9 
:!:.SD 9.9 9.9 8.2 8.7 6.2 12.8 
TRIAL 2 62.7 63.4 62.5 63.3 63.6 63.3 
:,:SD 9.6 10.8 7.9 10.3 12.6 11.1 
CONTROLS 
TRIAL 1 58.0 60.5 59.1 57.7 56.1 50.4 
:!:.SD 12.5 10.6 8.6 11.4 B.2 12.7 
TRIAL 2 59.6 59.3 60.9 59.9 57.3 59.6 
:,:SD 11.0 9.9 9.9 11.6 12.3 11.0 
.. 
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Table 5.10 Resgiratory Exchange Ratios for both Srougs during 
Tnal 1 and Tnal 2. 
5 10 15 20 25 30 
km km km km km km 
CONFECTIONERY 
TRIAL 1 0.919 0.912 0.911 0.890 0.887 0.883 
:!:.SD 0.054 0.036 0.033 0.039 0.033 0.053 
TRIAL 2 0.948* 0.939 0.918 0.920* 0.898 0.893 
;tSD 0.041 0.036 0.035 0.048 0.046 0.026 
CONTROLS 
TRIAL 1 0.913 0.908 0.900 0.887 0.882 0.868 
:!:.SD 0.037 0.045 0.045 0.047 0.064 0.059 
TRIAL 2 0.918 0.914 0.897 0.893 0.878 0.854 
;tSD 0.031 0.034 0.036 0.035 0.025 0.016 
* SIgnifIcantly hIgher than Trial 1, p<0.05. 
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Table 5.11 Blood lactate ConcentratIons (mM) for both Groues 
dunng Tnal 1 and Tnal 2. 
5 10 15 20 25 30 
PRE km km km km km km 
CONFECTIONERY 
TRIAL 1 0.57 3.35 3.54 3.75 3.49 3.11 3.07 
"!:.SD 0.32 1.39 1.37 2.23 1.59 1.25 2.33 
TRIAL 2 0.77 3.20 3.57 3.07 3.05 3.32 3.83 
±SD 0.21 0.79 1.12 0.97 1.17 1.68 2.31 
CONTROLS 
TRIAL 1 0.64 2.64 2.43 2.30 2.16 2.18 2.42 
"!:.SD 0.29 1.57 1.02 0.99 1.18 1.32 1.82 
TRIAL 2 0.66 2.91 3.39 2.80 2.93 2.95 3.22 
±SD 0.29 1.52 1.99 1.58 1.82 2.59 4.36 
Table 5.12 Blood Glucose Concentrations (mM) for both Groues 
during Tnal 1 and Tnal 2. 
5 10 15 20 25 30 
PRE km km km km km km 
CONFECTIONERY 
TRIAL 1 4.41 4.86 5.23 4.82 4.42 4.01 3.83 
"!:.SD 0.28 0.55 0.74 0.53 0.31 0.69 1.06 
TRIAL 2 4.57 4.96 5.18 5.04 4.85 4.67 4.80 
±SD 0.46 0.27 0.31 0.31 0.39 0.61 1.01 
CONTROLS 
TRIAL 1 4.49 4.79 4.94 4.59 4.32 3.92 3.59 
"!:.SD 0.44 0.62 0.54 0.67 0.76 1.02 1.27 
TRIAL 2 4.49 4.92 5.03 4.77 4.42 4.01 3.56 
±SD 0.38 0.73 0.77 0.64 0.62 0.76 1.08 
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TABLE 5.13 FFA CONCENTRATIONS (mM) 
TRIAL 1 TRIAL 2 CHANGE 
PRE POST PRE POST T 1 T 2 
CONFECTIONERY 0.25 0.93 0.20 0.98 0.68 0.78 
:!:SD 0.06 0.35 0.10 0.37 0.35 0.35 
CONTROLS 0.39 1.00 0.26 0.96 0.61 0.70 
:!:SD 0.18 0.38 0.11 0.32 0.36 0.31 
TABLE 5.14 GLYCEROL CONCENTRATIONS (mM). 
TRIAL 1 TRIAL 2 CHANGE 
PRE POST PRE POST T 1 T 2 
CONFECTIONERY 0.05 0.66 0.05 0.58 0.61 0.53 
:!:SD 0.01 0.20 0.02 0.20 0.20 0.19 
CONTROLS 0.08 0.56 0.05 0.58 0.48 0.53 
±.SD 0.06 0.24 0.02 0.19 0.21 0.20 
Both groups showed slgni flcant (p<O.OO1) lncreases in both FFA and 
glycerol concentratlons lmmediately post-exerClse on both trials. 
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TABLE 5.15 
PLASMA CATECHOLAMINE RESPONSE (nMI FOR THE 
TWO GROUPS ON TRIAL ONE AND TRIAL TWO. 
NORADRENALINE ADRENALINE 
TRIAL 1 TRIAL 2 TRIAL 1 TRIAL 2 
CONFECTI ONERY 
PRE MEAN 2.19 2.06 0.25 0.22 
'!:.SD 0.35 0.38 0.12 0.11 
POST MEAN 15.54 15.79 5.43 1.92 
:!:.SD 5.38 2.69 0.11 0.58 
CONTROLS 
PRE MEAN 2.02 2.21 0.37 0.37 
'!:.SD 0.65 0.86 0.23 0.16 
POST MEAN 9.84 9.22 3.77 3.08 
:!:.SD 4.03 2.77 2.03 1.83 
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TABLE 5.16 
CONFEC. 
TRIAL 1 
!.SD 
TRIAL 2 
:!:SD 
CONTROLS 
TRIAL 1 
!.SD 
TRIAL 2 
:!:SD 
ENERGY EXPENDITURE. 
TOTAL 
(MJ) 
7.99 
0.95 
7.93 
0.95 
7.59 
0.76 
7.60 
0.79 
CHO 
(MJ) 
5.27 
0.63 
5.71*' 
0.69 
4.86 
0.49 
4.79 
0.50 
CHO 
(g) 
306 
37 
331*' 
40 
282 
28 
271 
29 
FAT 
(MJ) 
2.72 
0.32 
2.22*" 
0.27 
2.73 
0.27 
2.81 
0.29 
FAT 
(g) 
70 
8 
57*" 
7 
70 
7 
72 
8 
* Slgnif1cant change from Tr1al I, p<0.05. 
:L = increase. 
" = decrease. 
TABLE 5.17 ESTIMATED MUSCLE GLYCOGEN DEPLETION. 
CONFEC. 
CONTROLS 
TRIAL 1 
257 (!.31) 
237 (!.24) 
TRIAL 2 
278* (:!: 34) 
228 (:!:24) 
• p<0.05 Slgnif1cant increase from Tr1al 1. 
NB. The results 1n Table 5.17 are based on the findings of Hall et al (1983) • 
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TABLE 5.18 FLUID INTAKES. 
TRIAL 1 
mls ml.min-1 
Conf ecti onery 349 2.54 
t.SD 189 1.37 
Controls 353 2.61 
:tSD 454 3.36 
TABLE 5.19 BODY WEIGHTS. 
% DECREASE 
TRIAL 1 TRIAL 2 
Conf ectl onery 3.01 3.10 
t.SD 0.43 0.48 
Controls 2.82 2.93 
:tSD 0.49 0.35 
TRIAL 2 
mls ml.min-1 
370 2.74 
252 1.87 
291 2.15 
217 1.61 
INCREASE (kg) 
(PRE Tl - PRE T2) 
0.83* 
0.46 
0.34 
0.71 
* SIgnIficant increase, p<O.OOl. 
TABLE 5.20 PLASMA VOLUME CHANGES. 
TRIAL 1 TRIAL 2 
Confectionery -7.0 (t.3.S) -5.9 (:t3.4) 
Controls +0.8 (t.6.0) -4.7 (:!:7.3) 
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Table 5.21 STRIDE LENGTHS (m) FOR BOTH GROUPS DURING TRIAL 1 
AND TRIAL 2. 
5 10 15 20 25 30 
km km km km km km 
CONFECTIONERY 
TRIAL 1 1.33 1.33 1.32 1.28 1.23 1.24 
,!-SD 0.18 0.18 0.19 0.22 0.27 0.24 
TRIAL 2 1.33 1.33 1.31 1.31 1.29 1.28 
:!:SD 0.18 0.19 0.20 0.19 0.22 0.23 
CONTROLS 
TRIAL 1 1.39 1.38 1.36 1.33 1.29 1.15 
,!-SD 0.15 0.14 0.15 0.15 0.18 0.25 
TRIAL 2 1.39 1.38 1.36 1.35 1.28 1.18 
:!:SD 0.11 0.12 0.12 0.16 0.17 0.19 
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TABLE 5.22 LABORATORY TEMPERATURE AND HUMIDITY DURING TRIAL 
ONE AND TRIAL TWO FOR EACH GROUP. 
TRIAL 1 TRIAL 2 
TEMP HUMIDITY TEMP HUMIDITY 
GROUP (OC) (7.) (OC) (7.) 
CONFEC. 
MEAN 15.0 66 15.9 59 
:t.SD 1.2 11 1.9 9 
CONTROLS 
MEAN 16.3 52 16.3 54 
:t.SD 1.2 8 1.6 6 
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5.4 DISCUSSION 
The main aim of th1S study was to attempt to clarlfy the role of 
pre exercise h1gh CHO d1ets in improving endurance rac1ng performance. 
Since the only ava1lable evidence support1ng the use of high CHO diets 
prior to endurance races over 30km was conducted by Karlsson and 
Salt1n (1971), it was decided to use the same distance 1n th1S study, 
since lt is also thought to be the p01nt where runners start to 
exhaust their suppl1es of muscle glycogen dur1ng races. 
It was important to establlsh that none of the subjects 
inadvertently consumed too much or too 11ttle CHO before Tr1al 1. It 
1S clear from Table 5.2 that 1n the per10d leading up to Trial 1, the 
d1ets of the confect1onery and control groups were very Slm1lar to 
those previously recorded dur1ng the 7 day we1ghed food ,ntake per10d 
used to determine normal d1etary patterns. Furthermore, the CHO 
consumption of the control and confect1onery groups before Tr1al 1 was 
also similar. Any subject who deviated from a normal, m1xed d1et pr10r 
to Tr1al 1 was om1tted from the study. 
There was no signif1cant d1fference 1n the performance times of the 
confect1onery and control groups on Trial 1, w1th both groups showing 
sign1ficant decreases in runn1ng speed towards the end of the 30 km. 
Despite th1S reduct10n in speed, 1t 1S 1nteresting to note that oxygen 
uptakes, heart rates and ventilat10n d1d not show a concomitant 
decrease. It would seem 11kely that the decrease 1n speed only served 
to help mainta1n these factors at a tolerable level. In the previous 
study reported in Chapter 4, where subjects were forced to run at a 
constant pace, it appeared that fat1gue was associated w1th a decrease 
1n running eff1c1ency Wh1Ch resulted in a rise 1n factors such as 
heart rates and oxygen uptakes. The results of this study suggest that 
running efficiency st111 deter1orateS~\even' when subjects slow down, 
thus expla1ning why the heart rates, oxygen uptakes and ventilat10n 
rates do not decrease to the same extent as runn1ng speed. 
As can be seen from F1gures 5.9 and 5.10, both groups demonstrated 
a slgnifcant fall in blood glucose during Trial 1. However the levels 
reached after 30km of running were generally not likely to have been 
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low enough to be the primary cause of fatigue. This therefore 
contradicts the early findings of Christensen and Hansen (1939) 
[cited by Astrand and Rodahl, 1977], who stated that low blood glucose 
concentrations were likely to be the main factor behind the cessation 
of prolonged exercise. Sanders et al (1964) proposed two possible 
reasons for the falling blood glucose concentrations; Firstly, It 
could be caused by increased glucose uptake from the muscle as muscle 
glycogen is depleted, or secondly, blood glucose may fall because of 
reduced glucose output from the liver as liver glycogen levels are 
reduced. Since the calculated figures for the reduction In muscle 
glycogen indicate that on average only approximately 270 grammes of 
glycogen were required to complete the distance by each subject, It 
seems unlikely that the cause of this fall In blood glucose could be a 
depletion of liver glycogen, and 15 thus more llkely to be because of 
an lncreased uptake of blood glucose by the working muscles. This 15 
supported by the views of Lavoie et al (1982), who stated that the 
main factor beh1nd falling blood glucose concentrations dur1ng 
exercise is 1ncreased glucose uptake by the muscle. 
The estimated muscle glycogen depletion of 270 grammes represents 
less than half of the 600 grammes of glycogen estImated to be stored 
in the leg muscles of runners (Newsholme, 1977). However Newsholme 
(1977) does not take Into account the probabIlity that only certain 
muscle groups and f1bres can be ut111sed WhIlst runnlng. It would 
appear from the results of th1s study that one of the primary causes 
of fatigue during prolonged exerCIse is the d1ff1culty experienced 1n 
tryIng to utl11se remaining glycogen stores. This would support the 
concept speculated by Costill et al (1973), who suggested that 
decrements in running speed enable muscle fibres and muscle groups 
which may still conta1n glycogen to be utilised. 
There is some support for this proposal from the fact that on Tr1al 
1, both groups s1gnlficantly changed their running gait by shortening 
strlde length over the course of the experiment. One reason behind 
th1s may have been an attempt to d1strlbute the load to d1fferent 
muscle groups during the run. 
The energy demands of runn1ng the 30km distance on both groups was 
severe. Th1s can be seen from the fact that the estimated energy 
expend1ture on Trial 1 of 7.99 MJ and 7.S9 MJ for the confectionery 
and control groups respectively, represents 71Y. and 63Y. of their 
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respectIve dally energy Intakes. 
Subjects in the two groups Increased theIr energy Intakes by 50% 
over the initIal three day perIod after TrIal 1. Most of them 
considered this to be the maximum extra food whIch could be consumed 
without experIencing severe dIscomfort. This was especially true wIth 
subjects in the control group, who had to rely on foods hIgh in fat 
and protein to increase theIr energy Intakes. 
Piehl (1973) has shown that muscle glycogen stores can be fully 
replenished within 46 hours of exercise Induced muscle glycogen 
depletIon, whIlst 60% of pre-exercise levels are reached wIthin 10 
hours. In addItIon, Kochan et al (1979) found that rapId rates of 
repletIon over the fIrst 24 hours were followed by slower rates over 
the followIng 72 hours, wIth glycogen levels still IncreasIng after 96 
hours. Ahlborg et al (1967) found that even after 7 days on a hIgh CHO 
dIet, muscle glycogen stores were still Increasing. 
Therefore it was felt that wIth the present study, the fIrst three 
days of very hIgh CHO consumptIon by the confectIonery group could be 
replaced by four further days on a dIet still hIgh In CHO, but reduced 
by half when compared to the prevIous three days. SInce Plehl (1973) 
showed that 60% of glycogen repletIon occurs wIthin the fIrst 10 hours 
after prolonged exerCIse, the lIkelIhood of the extreme h1gh 
CHO/energy diet having any major benefit 1f cont1nued for the full 
seven days was cons1dered m1n1mal. However full evaluation of the 
succes of the diet-exerc1se regimenused in the present study would 
requIre muscle biopsies to be taken regularly over the perIod of the 
exper1ment 1n order to determIne muscle glycogen concentrat10ns. 
Body we1ght changes over the seven day perIod between the two 
trials show that the confectionery group demonstrated a s1gn1f1cant 
increase In weight of 0.83 kg, compared to a non-s1gnificant Increase 
of 0.34 kg for the control group. If, as Olsson and Salt1n (1970) 
cla1m, each gramme of glycogen 1S associated with 3 grammes of water, 
this 830g 1ncrease in weight for the confectIonery group may represent 
the storage of an extra 208g of glycogen in addItIon to normal stores. 
Since the amount of glycogen required to complete the whole of Trial 1 
was only 270g, thIS increase in weight, assuming that It 1S caused by 
the storage of glycogen and assocIated water, would appear to 
represent substantIal extra storage of muscle glycogen when compared 
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to the amount required to run the 30km distance. Thus the fears 
expressed by some authors, including Sharman (1981>, that the extra 
body weight associated with CHO loading regimens may be detrimental to 
performance, would appear to be unfounded. 
Therefore the major distinction between the two groups prior to 
Trial 2 was the differences in the content of their diets for the 
preceedlng seven days. Moreover, since there were no differences In 
the Trial 1 and Trial 2 laboratory temperature and humidity for either 
group, it IS reasonable to assume that any changes in performance on 
Trial 2 were related to the preceeding diets. 
Despite the fact that eight out of the nine subjects In the 
confectionery group ran faster on Trial 2, statistical analysis of the 
results revealed no Significant difference In the performance of the 
group as a whol e on Tn al 2. The mean improvement of 27. is small 
compared to the 97. extension of endurance capacity reported by Goforth 
et al (1980>, and that of approximately 257. reported in the prevIous 
chapter after CHO loading regimen~However It is Important to note 
that improvements of thiS magnitude are extremely difficult to 
accomplish in performance tests when compared to tests of endurance 
capacity. For example, two of the subjects took between 105 and 110 
minutes on Trial 1. In order for them to improve by 25% on Trial 2 
they would have had to run the whole distance at speeds equivalent to 
four minutes per mile. The oxygen cost of thiS sort of running speed 
IS In the region of 75 ml. kg- 1 mln- 1 , and so to be accomplished 
realistically would require subjects to increase their V02 max values 
to between 90 and 100 ml kg- 1 mln- 1 • Thus for subjects who are already 
well trained and capable of running distances such as 30km 
competltvely, improvements of the magnitude reported In endurance 
capacity studies are Impractical to achieve. However It is important 
not to underestimate the value of a 27. improvement in performance. 
Over the distance used In thiS study thiS may represent a decrease In 
performance time of three or four minutes. In a competitive situation 
thiS may be the difference between winning the race, or not even 
finishing in the top ten. From a statistical point of view, when 
changes are by nature as small as this, statistical significance IS 
hard to achieve, especially when one subject does not follow the 
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general trend, as happened in this case. 
When the running speeds over each Skm of the 30km are calculated, 
the confectionery group were running sign1f1cantly faster for the last 
(sixth) 5km of Trial 2 compared to Trial 1. It can be seen from F1gure 
S.5 that as well as this, subjects were runn1ng faster, although not 
sign1ficantly, over the fourth and f1fth 5km splits. An alternative 
way of expressing this 1S that on Trial 2, the confect1onery group 
fatigued less. Th1S 1S 1n line w1th the f1nd1ngs of Karlsson and 
Salt1n (1971), who found that opt1mum runn1ng speeds were maintained 
better over the latter part of a 30km race. Further support from the 
present study for the f1nd1ngs of Karlsson and Salt1n (1971) comes 
from the fact that there was no eV1dence to suggest that CHO load1ng 
enables athletes to run faster at the beg1nn1ng of a race. 
If it is assumed that dur1ng Tr1al 1 the primary cause of fat1gue 
was glycogen deplet10n of the muscle groups 1nvolved with runn1ng, and 
that slowing down was related to attempts to ut1l1se less efflclent, 
but glycogen full muscle groups and flbres, then It would seem 11kely 
that glycogen supercompensation of the 'first choice' running muscles 
w111 offset th1s need to resort to less efflcient muscle groups 
towards the end of the race. Th1s 1S supported by the fact that the 
stride length of the confect1onery group was not found to change on 
Tr1al 2; hence subjects were able to ma1ntain essent1ally the same 
running gait throughout the course of the 30km. 
The blood glucose concentrat1ons of the confect1onery group were 
clearly elevated over the last ISkm of Trial 2 compared to Trial 1. 
This is a similar find1ng to that reported by Renn1e and Johnson 
(1974) and Galbo et al (1980), who found that blood glucose 
concentrat10ns were elevated after h1gh CHO diets. Th1s is not 
surpr1sing when it is remembered that 11ver, as well as muscle 
glycogen concentrations r1se after consum1ng high CHO d1ets. As has 
already been noted, the probable cause of the decrease 1n blood 
glucose on Trial 1 was 11kely to be from increased glucose uptake from 
the muscle. Thus 1f muscle glycogen has been elevated, the need for 
the uptake of glucose will be reduced, hence helping to explain the 
h1gher blood glucose concentrat10ns dur1ng the latter stages of 
exercise for the confectionery group. 
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There was a trend, although not always statist1cally s1gn1f1cant, 
for the confectionery group's R values to be elevated on Tr1al 2. 
S1nce th1s trend was apparent from the onset of exercise, 1t 1S 11kely 
that the extra availabil1ty of CHQ led to the body favouring CHQ as 
its main fuel from the start of exercise. Had CHQ been favoured to any 
greater extent, or had the supercompensat10n been only 11m1ted, 1t 1S 
poss1ble that the util1sat10n of too much CHQ in the early stages of 
exercise would have reduced the glycogen stores at such a rate that 
the benefits of the CHQ diet would not have been realised dur1ng the 
latter stages of exercise. Th1s was the reason proposed by Sherman et 
al (1981) as to why he found no improvement 1n half-marathon 
performance after conumption of h1gh CHQ d1ets. 
In contrast to the f1nd1ngs of Kelman et al (1975) and Yosh1da 
(1984), the confect10nery group d1d not demonstrate h1gher blood 
lactate concentrat10ns on Tr1al 2. Th1s 1S desp1te the fact that the R 
values suggest that CHQ metabolism was 1ncreased, mean1ng that the 
product10n of lactate would also be elevated. Qne poss1ble explanat10n 
is that th1s sh1ft towards CHO metabolism was not large enough to 
become eV1dent 1n blood lactate concentrat10ns. 
A number of authors, including Colt et al (1978), Sharman (1981) 
and MacLaren and Lanaghan (1983) have suggested that the water stored 
w1th addit10nal glycogen stores after a CHQ load1ng reg1me may have 
benef1ts in terms of the regulat10n of plasma volume, body we1ght, and 
flu1d intake during endurance exerC1se. However the results for the 
present study ind1cate that when Trial 1 and Trial 2 are compared for 
the confectionery group, there was no d1fference in e1ther the change 
1n plasma volume, the change 1n body weight, or flu1d 1ntake patterns. 
Thus these results would tend to 1nd1cate that glycogen bound water 
does not have any detectable 1nfluence on flu1d balance during 
exercise. 
W1th a study such as this, the poss1bil1ty of psychological factors 
influencing performance cannot be d1scounted. Hence It was important 
to have a control group 1n order to establish whether there was any 
'learning' influence on performance from running two Trials within 
seven days of each other. It was necessary to mot1vate the subjects as 
much as poss1ble in order that maximum effort was g1ven on both 
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TrIals. Many subjects reported that a major incentIve preventIng them 
from slowIng down was the fact that each decrement In speed Increased 
the duratIon of the test. Although It was ImpossIble to disguIse from 
the control group the fact that they were not on a hIgh CHO dIet In 
the period between the two TrIals, they were consuming more energy. 
ThIS factor was used as a means of encouragIng them to attempt to run 
faster on Trial 2. 
Thus the posItive influence of the high CHO dIets on performance on 
Trial 2 IS further emphasised by the fact that the control group were 
unable to run any faster on theIr second TrIal. Of the nIne subjects 
in the control group, only three were able to Improve upon their Trlal 
1 performance. UnlIke the confectIonery group, the Skm runnIng speeds 
did not show any dIfference between Trials 1 and 2. Thus it would 
appear that after intense exercise such as that used in this study, 
seven days on a mixed diet only Just begins to result In full 
recovery. 
Although the control group consumed extra energy In the form of fat 
before TrIal 2, theIrs' was not strlctly a high fat dIet since CHO 
intake was not reduced. ThIS may therefore explain why there was no 
dlfference In the control groups' R values, blood glucose or blood 
lactate concentratlons on TrIal 2 when compared to Trlal 1. Had CHO 
Intake been reduced, and the body forced to rely more heaVIly on fat 
for metabolIsm, it IS more llkely that dIfferences would have been 
eVIdent. Furthermore the energy expendIture calculatIons for the 
control group do not IndIcate any differences In metabolIsm between 
the two trials. Although CHO intake remained equIvalent to that prIor 
to Trial 1, there is lIttle evidence from these results to suggest 
that, following the stimulus of the Inltial exercise bout, any muscle 
glycogen supercompensah on occurred. 
ConSIstent Increases in FFA and glycerol concentrations were found 
for both groups on TrIal 1 and Trial 2. This IS to be expected, and 
reflects the body's increaslng reliance on fat for metabolism as 
exerCIse progresses. On Trial 2, the pre, post and delta FFA and 
glycerol concentratlons showed no dIfference from those on Trial 1 for 
both groups. ThIS is in contrast to the flndlngs of Rennle and Johnson 
(1974), and Maughan et al (1978), who reported lower FFA and glycerol 
concentratlons after a hlgh CHO diet. The FFA and glycerol results for 
the confectionery group are surprlsing when it is conSIdered that the 
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energy expend1ture calculations revealed a slgnif1cant decrease in the 
oX1dation of fat on Trial 2. A possible explanat10n for th1S 1S that 
the FFA and glycerol concentrat1ons represent concentrations in the 
blood, which may not necessarily represent rates of metabol1sm w1thin 
the muscle. It could therefore be concluded that although fat was 
available for metabol1sm on Trial 2, the abundance of CHO meant that 
it was not required. However th1S 1S in contrast to the find1ngs of 
Armstrong et al (1961) who stated that the rate of uptake of FFA 1S 
proport1onal to its concentration 1n the plasma. Thus an alternative 
explanat1on may be that if all the extra muscle glycogen had been 
ut1l1sed by the end of Trial 2 through running faster, and subjects 
were at the same stage of exhaustion as 1n Tr1al 1, the demand for fat 
for metabolism would be the same at the end of both Trials, hence 
differences 1n FFA concentrations would not be expected. 
The catecholam1ne results (Table 5.14) show that the confect1onery 
group's adrenal1ne concentrat1ons are slgn1f1cantly lower at the end 
of Trial 2 compared to Tr1al 1. Th1S f1nd1ng, comb1ned w1th the 
elevated blood glucose concentrat1ons for th1S group on Tr1al 2, 1S 
cons1stent w1th the studies reported by Galbo (1983). He found that 
the adrenal1ne response to exerC1se where plasma glucose levels were 
mainta1ned was reduced compared to exerC1se where plasma glucose 
levels decreased. Galbo (1983) cla1ms that this 1S due to alterat10ns 
1n the act1v1ty of the sympathetic centres in the hypothalamus, caused 
by changes 1n the ava1lab1l1ty of glucose. 
5.5 CONCLUSIONS. 
The f1ndings of th1S study ind1cate that the use of h1gh CHO d1ets 
to elevate muscle glycogen stores off-sets fatigue dur1ng the latter 
stages of prolonged endurance races. This is demonstrated by the fact 
that mainta1nence of opt1mum runn1ng speeds towards the end of a race 
1S enhanced after consum1ng a high CHO diet. However the overall 
improvements 1n performance were not as large as those that have been 
previously reported when high CHO diets have been used to extend 
endurance capacity. The present study has also shown that athletes are 
unable to rl1n any faster in the early stages of a race after CHO 
load1ng. Th1S is desp1te the fact that the R values 1nd1cate 
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utilisation of more CHO from the onset of exercise. Thus It would seem 
that the benefits to be obtained are to a large extent related to the 
distance of the race. Sherman et al (19811 raced subjects over the 
half-marathon distance of 21.1km, and found no Improvement in 
performance after CHO loading. It is likely that for experienced 
runners, this distance is too short for the full benefits of Increased 
muscle glycogen stores to be realised. However over longer distances 
such as a marathon, where muscle glycogen stores are depleted to a 
much greater extent, improvements In performance may well be even 
larger than those demonstrated In the present study. 
There was no eVidence to suggest that glycogen supercompensatlon 
has any secondary benefits in terms of malntalnence of body fluid 
balance during exercise. Changes in plasma volume, body weight and 
fluld intake patterns were similar durlng both trials for the 
confectionery group. 
Crltlcism has been made of CHO loadlng regimens because they result 
in large lncreases in body welght. However desplte extremely large 
lncreases in CHO intake for a perlod of seven days, the mean body 
welght Increase for the confect,onery group was only O.83kg. It IS 
unllkely that a weight increase of thiS magnitude would have any 
severe detrimental effect on performance. 
A number of authors have attempted to 11 nd the best regl men of 
di etary changes and exerci se .,hlCh resul t in the highest POSSI ble 
muscle glycogen concentrations (Ahlborg et al 1967, Sherman 19811. The 
protocol used in thiS study, with seven days between the two trials, 
attempted to give subjects long enough to recover both phYSically and 
mentally before Trial 2. On the baSIS of previous eVidence (Ahlborg et 
al 19671 it was concluded that muscle glycogen concentrations would 
not have started to fall seven days after Trial 1. Repeated muscle 
blopsles would be required to monitor the exact time course of muscle 
glycogen repletion over the seven day period, and It is posslble that 
the precise time of physical and mental recovery wlll differ between 
lndlvlduals. 
The results of this study complement the flndlngs reported in the 
prevIous chapter, where It was found that careful supplementation of 
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normal diets with confectionery is a convenIent and successful 
of Increasing CHO consumptIon. 
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SECTION B THE RELATIONSHIP BETWEEN SELECTED PHYSIOLOGICAL 
CHARACTERSTICS AND 30KM PERFORMANCE 
In Chapter 4, an examination was made of the physIological factors 
Influencing an indIvidual's endurance capacity, and also the 
physIological dIfferences whIch exist between males and females when 
running at speeds equivalent to 707. V0 2 max. 
To complement the findIngs of this InvestIgatIon, the results from 
the fIrst 30km run (le. when all subjects had consumed prescrIbed 
normal dIets) were examIned to determIne what physiologIcal factors 
influenced endurance performance, and what dIfferences existed between 
the male and female subjects. 
In order to Investigate the physiologIcal factors influencIng 
performance, the TrIal 1 data from all 18 subjects has been combined. 
The male and female subjects have then been allocated to groups of 12 
and 6 subjects respectively to determlne what phYSIologIcal and 
performance differences are apparent in their responses to the 30km 
race. 
5.6 RESULTS 
Male and Female DIfferences. 
The mean V02 max of the whole group was 59.6! 7.0 ml.kg-'mln-'. 
The male V02 max of 62.9 :!:. 5.9 ml.kg-'min-' was slgnihcantly hIgher 
(p<O.OOl) than that of the females (53.1 :!:. 3.3 ml.kg.-'mln-') 
The mean run tIme of the 18 subjects over the 30km dIstance was 
136.26 + 14.64 mins. The male subjects completed the distance in 
131.55:!:. 15.30 mins, sIgnificantly faster than the females (p<O.05), 
whose mean time was 145.67 :!:. 7.60 mins. 
No signIficant dIfferences were found in the 7.V02 max, blood 
lactate or blood glucose concentrations sustained by the male and 
female subjects throughout the 30km run. However the mean absolute 
(176! 6 b.min-1 ) and relatIve (93 + 3 7.) heart rates of the 
females were found to be sIgnIficantly higher (p<O.05) than the 
respective male values (169 ! 8 b.mln- 1 and 89 ! 4 7.). 
Physiological RelatIonships wIth Performance 
For the group of 18 subjects as a whole, a sIgnifIcant correlation 
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(r=O.750; p<O.01) was found between VOz max and performance time. 
Hence 56Y. of the varIatIon in performance can be accounted for by 
dIfferences In VOz max. No relatIonship was found between the relatIve 
exercise IntensIty sustained during the run, and performance tIme. 
The blood lactate and blood glucose concentrations at the end of 
the first 5 km were correlated with fInal tIme to see if they could be 
used as a predIctor of performance. However no obvious relatIonshIps 
were found. There was also no evidence to suggest that the blood 
lactate concentrations which were tolerated durIng the 30km had any 
bearIng on the fInal performance tIme. A modest correlatIon (r=O.509; 
p<O.05) was found between performance and the percentage of maxImum 
heart rate after 5 km. 
The strongest relationship with the tIme taken to complete the 30km 
was with the mean strIde length over the 30km (r=O.937, p<O.01). ThIs 
relationship is even stronger than that found between run time and VOz 
max. No signifIcant relationshIp was found between strIde rate and 
performance. 
5.7 DISCUSSION 
The modest relatIonshIp between VOz max and performance tIme is to 
be expected, and IS In support of the fIndIngs of many prevIous 
studIes (Foster et al , 1978, Farrell et aI, 1979, Rellly and Foreman, 
1983). ThIS therefore highlIghts the need for hIgh maxImum oxygen 
uptakes In order to sustaIn fast running speeds. Although the subjects 
were of SImIlar levels of endurance running experIence, there was a 
WIde range In both theIr standard of running and VOz max values (from 
71.3 to 47.5 ml.kg.-1min-1). ThIS helps explaIn the strong 
relationship between VOz max and performance. If the range of VOz max 
values had been much narrower, then It is unlIkely that VOz max alone 
would have been a sensItIve enough indicator of performance. Had thIS 
been the case then it IS more lIkely that a relationship between the 
relatIve exercise intensity sustained over the 30km and fInal 
performance tIme would have been eVIdent. This 
work of WIlllams and Nute (1983) who, in 
IS supported by the 
a study of a group of 
, 
recreatIonal runners competing in a half marathon, found that 
differences in performance could not be explained by varIatIons in the 
percentage of VOz max sustaIned durIng the race. However it has been 
shown that one dIfference between elite and recreatIonal marathon 
runners is the abilIty of the elite runners to sustaIn hIgher 
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fractions of their may. 1 mum oxygen uptakes during a marathon (W1lliams 
et aI, 1984). 
No difference was found 1n the blood lactate concentrations of the 
faster and slower runners; if the study were to be repeated it would 
be of 1nterest to determine the runn1ng speeds equ1valent to certa1n 
blood lactate concentrations, as these have been shown to have a 
strong relat1onsh1p with d1stance runn1ng performance (Tanaka and 
Matsuura, 1984, W1ll1ams et aI, 1984). 
The strong relat1onsh1p between stride length and performance 1S to 
a certa1n extent surpr1s1ng, and can be 1nterpreted 1n two ways. 
F1rstly, 1t may be that stride length 1S a function of runn1ng speed; 
hence this relatl0nsh1p would be expected. Secondly it may suggest 
that If strIde rate is faIrly constant between indIvIduals, then It IS 
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those w1th the greatest str1de length who are able to run at the 
fastest speeds. No relat1onsh1p was found to eXIst between str1de rate 
and str1de length. In other words there was no eVIdence to suggest 
that those subjects wIth the shortest str1des compensated by runnIng 
at hIgher str1de rates. Cavanagh and Wllllams (1982) report that 
runners will, gIven a cho1ce, select the str1de lengths whIch result 
In optImal running efflc1ency and oxygen consumpt1on. Therefore 1t is 
poss1ble that as muscle glycogen stores become depleted towards the 
end of prolonged ey.ercise, It IS those runners wIth the largest range 
of movement who are best able to ma1ntaln eff1clency, uS1ng different 
muscle groups and fIbres by chang1ng str1de length. The necessary 
stnde length changes which are reqmred to use the remaIning muscle 
glycogen stores may be more d1ff1cult to ach1eve for runners WIth a 
shorter stn de. 
The faster run times of the male, as opposed to the female subjects 
appears to be primarily due to theIr h1gher V02 max values. The fact 
that there were no differences In other physiologIcal factors such as 
relative exercise Intensity and blood glucose and lactate 
concentrat1ons supports the f1nd1ngs reported in Chapter 4. These 
findIngs are further supported by the fact that the females were found 
to have h1gher absolute and relat1ve heart rates compared to the males 
(suggest1ng lower female stroke volumes). 
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5.8 CONCLUSION 
It would appear that, despite slm1lar1t1es 1n runn1ng exper1ence 
within the subjects of th1s study, the large d1fference in standard 
was reflected by the fact that V02 max was the best ind1cator of 
performance. 
The relationsh1p between stride length and performance may requ1re 
further invest1gat1on. A poss1ble explanat10n 1S that the adjustments 
required to maintain runn1ng eff1ciency towards the end of prolonged 
exerC1se are more eas1ly accomplished by those subjects w1th longer 
strides. 
The major reason behind the faster run t1mes of the males appears 
to be the male group's h1gher VOz max values. The relat1ve exerC1se 
1ntens1ty, blood lactate and blood glucose concentrat1ons showed no 
slgnif1cant d1fferences between the males and female subjects. Slnce 
the females were runn1ng at the same r.VOz max as the males, and were 
also running for longer, 1t can be concluded that the females must 
have found the complet1on of the d1stance harder than the males. 
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CHAPTER 6 GENERAL DISCUSSION 
DurIng recent years, endurance runnIng has grown steadIly In 
popularIty, with many thousands of runners competIng In races whIch 
are held frequently In all parts of the country. It IS not surprIsIng 
therefore, that the desIre for knowledge of factors which both 
influence and Improve endurance performance has also increased. The 
most obvious of these factors, and one towards whIch researchers have 
devoted consIderable attention, is trainIng. However wIth many 
experIenced runners, traInIng schedules have reached lntensitles where 
improvements In performance are very hard to achieve. Hence attention 
has turned towards the development of other possIble methods of 
enhancing performance. 
FollOWIng the efforts of a number of researchers in the late 
1960's, it was dIscovered that certain reglmensof dIet and exercIse 
manIpulatIon resulted in elevated muscle glycogen stores (Bergstrom 
and Hultman 1966, Ahlborg et al 1967). These were based on the 
consumptIon of hIgh CHO dIets before exercise, and were found to lead 
to large Improvements In endurance capacity during exercIse on a 
bIcycle ergometer. 
On the basis of these results, varIous diet and exerCIse regImens 
deSIgned to elevate pre-race muscle glycogen stores are currently 
followed by many runners. This is despIte the fact that only lImIted 
eVIdence eXIsts to suggest that these reglmensare benefiCIal for 
runnIng, as well as cycling performance (Karlsson and Saltin 1971, 
Goforth et al 1980). 
The major studIes reported In thIs thesIs attempt to clarify and 
develop the fIndIngs of prevIous InvestigatIons. In thIS discussion, 
attention is Initially focused on the role of hIgh CHO dIets In 
endurance runnIng. Secondly, phYSIologIcal factors whIch may Influence 
performance are dIscussed, together WIth the way In whIch these 
factors respond durIng endurance runnIng. 
WIthIn the maIn themes of the diSCUSSIon a number of important 
results, whIch have arIsen from the studIes reported In the theSIS, 
will also be hIghlIghted. 
ConSIderable eVIdence eXIsts to suggest that exerCIse tIme to 
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exhaustion (or endurance capacity) on a b1cycle ergometer can be 
extended if the exercise 1S preceeded by the consumption of CHO rich 
d1ets (Ahlborg et al 1967, Bergstrom et al 1967). The d1et and 
exerC1se reg1mens followed in these stud1es consisted of an ln1tial 
exhaustive period of exercise to deplete muscle glycogen stores, 
followed by a three day period consuming a dIet rich In fat and 
protein. This was then followed by the consumption of a CHO rich d1et 
for the three day period leadIng up to the exerCise test. Improvements 
in exercise time of between 35% and 58% were demonstrated. 
Nevertheless, relatively little eVidence exists to suggest that 
this type of d1et and exerC1se regimen can have similar effects on 
running performance. Goforth et al (1980) found that endurance 
capacity at speeds equivalent to 80% V02 max could be extended by 9% 
after the consumption of high CHO diets, whilst Hall et al (1983) 
found Improvements in d1stance covered (and therefore run t1mes) of 
12% when subjects attempted to run marathons at a steady speed on a 
treadmill. 
However the results reported In Chapter 4 suggest that at running 
speeds equ1valent to 70% V02 max, the consumptIon of high CHO diets 
for a period of only three days follOWing exhaustlve exercise, can 
extend endurance runn1ng capacity by an average of approximately 25%. 
The subjects who consumed additIonal CHO also Increased their energy 
intakes. However before Trial 2, the control group consumed an 
isoenergetlc diet compared to that of the high CHO group, but did not 
consume addItional CHO, and failed to Increase their endurance 
capacIty. This suggests that it IS the CHO content of diets which IS 
all important In extendIng endurance capac1ty, rather than any 
increases in energy consumption alone. It IS Interesting to note that 
the 1mprovements In performance on Trial 2 occurred Within only 72 
hours of TrIal 1. Thus the results from Piehl (1973) and Costlll et al 
(1981) which demonstrated that muscle glycogen stores can be fully 
replenished Within three days of exhaustive exercise are complemented 
by the findings from this study. These have shown that, prOViding the 
CHO content of the diet is sufficient, the functional capacity of the 
IndiVidual not only returns, but can also be Improved. Furthermore, 
thiS enhancement of recovery highlights the importance of consuming 
diets rich in CHO after strenuous exercise, especially for athletes 
who may be wanting to resume heavy trainIng schedules as quickly as 
possible. 
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There are two basic forms of dIetary CHO; those known as 'sImple' 
CHOs, such as sweets and glucose based products, and those known as 
'complex' CHOs, such as starches, pasta and potatoes. It has been 
suggested (Costill et aI, 1981) that complex CHO may be of more 
benefit for endurance exercise than sImple CHO. The results of the 
study presented in Chapter 4 dId not support thIS concept, with 
subJects consumIng dIets supplemented with simple CHO producing 
sImIlar improvements in performance compared to subjects consuming 
diets hIgh in complex CHO. 
The simple CHO was largely In the form of confectionery products, 
whIch were consumed as CHO supplements to each subJect's normal dIet. 
The success of thIS procedure demonstrates a convenIent and easy way 
of increasIng dIetary CHO. ThIS may be of use to athletes who have 
busy trainIng schedules, and who may otherwise be unable to fInd the 
time, or indeed have the necessary nutrItIonal knowledge, to prepare 
meals contaIning sufficIent amounts of CHO. 
The consumption of a hIgh fat and proteIn dIet before the CHO rIch 
dIet has been recommended as It has been speculated that by 
maIntaInIng very low muscle glycogen concentratIons, glycogen 
synthetase I actIvIty is stImulated. (Danforth, 1965). However many 
runners find this high fat phase unpleasant, and if CHO consumption IS 
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allowed to fall too drastIcally, the rIsk of Illness and inJury may be 
increased. Hence the present study supports the fIndIngs of Sherman et 
al (1981), who found that muscle glycogen concentrations could be 
elevated to levels above normal wIthout the use of this hIgh fat 
phase. Although direct measurements of muscle glycogen were not made 
in the present study, the Improvements in performance and elevated 
respIratory exchange ratIos would tend to strongly indIcate that 
muscle, and possibly liver glycogen stores were elevated. 
Thus the study reported in Chapter 4 provIdes fIrm eVIdence to 
suggest that endurance runnIng capacity can be extended by the 
consumption of high CHO diets. 
Endurance capacIty should not, however, be confused wIth true 
endurance performance, sInce in the majority of races the object is to 
complete a set distance In as fast a tIme as possIble. In thIS case, 
it is the rate, rather than the duration of energy expendIture which 
is all Important. Surprisingly, there is very lIttle eVIdence to 
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suggest that hIgh CHQ dIets have a benefIcIal effect on endurance 
performance, despite the widespread use of these diets by many 
athletes before races. The only available eVIdence comes from a study 
by Karlsson and Saltin (1971), who found that hIgh CHQ dIets enabled 
runners to sustain faster early running speeds for longer during the 
latter part of a 30km race. Closer examInatIon of this study reveals 
that the subjects can be dIvided into two specific groups; one group 
consIsted of good quality runners, who, even before any dIetary 
manIpulatIon, had higher pre-exerClse muscle glycogen concentrations 
than the second group, which consIsted of physical educatIon students. 
The group of runners was faster than the PE students when the 30km was 
completed after consumIng normal dIets, but although stIll faster 
after hIgh CHQ dIets, their improvement In performance was less than 
that of the PE students. It has been suggested that the hIgher 
pre-exerclse muscle glycogen stores for the group of runners after 
theIr normal dIets allowed better malntalnence of runnIng speed 
throughout the course of the 30km, and hence may have masked any 
improvements assocIated wIth the high CHQ dIet (Wllllams, 1982). 
Thus the study reported in Chapter 5 set out to expand upon and 
clarIfy the role of high CHQ dIets in endurance runnIng races. DespIte 
the fact that 8 out of 9 subjects achIeved faster run tImes after 
consumIng hIgh CHQ diets, the Improvements were not of a suffIcIent 
magnitude to be statistIcally sIgnifIcant. It IS clear from the 
results that improvements of the magnitude reported In endurance 
capacIty studies are not achIeved In studies of performance. 
Nevertheless, the average Improvements In run time of 2-3? 
demonstrated by most of the subjects would be suffIcIent to have 
consIderable bearIng on a runner's posItIon in a competItIve race. 
Therefore early studIes such as that by Ahlborg (1967), where 
improvements In endurance capacIty of up to 58? were reported after 
consumption of high CHQ dIets do not provide a true reflection of the 
type of improvement which could be expected In endurance races. 
In this study there were clear indIcatIons that CHQ dIets influence 
exercIsing 
respIratory 
~ 
metabolIsm, wIth blood 
exchange ratIos being 
glucose concentrations and 
elevated durIng the second (hIgh 
CHQ) trIal. ThIs is not surprIsIng, and supports the results from a 
number of other studIes (Rennle et aI, 1974; Galbo et aI, 1980). The 
findIngs of thIS study support those of Karlsson and Saltin (1971), 
since without exceptIon those subjects who Improved theIr performance 
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on (the high CHO) TrIal 2 dId so by running faster over the latter 
part of the 30km dIstance. Hence there IS no eVIdence to suggest that 
hIgh CHO dIets enable athletes to run faster from the outset of a 
race. ThIs may help explain why the study reported by Sherman et al 
(1981) failed to demonstrate any Improvements In performance over a 
half marathon dIstance (13.1 mIles); this IS too short a dIstance for 
glycogen stores to be reduced to such an extent that glycogen loading 
can have any effect upon peformance. The results from the present 
study also suggest that Improvements In performance obtaIned from high 
CHO diets wIll be greater the longer the length of the race. It would 
be expected that the 27.-37. improvements found over 30km would be 
greater over the marathon dIstance of 42.2km. 
The two studIes reported in Chapter 4 and Chapter 5 draw attentIon 
to the processes and causes of fatIgue during endurance races. It IS 
generally accepted that pre-exerClse muscle glycogen stores are of 
paramount Importance durIng endurance exerCIse (Hermansen et aI, 
1967), and the results of these studIes only serve to emphasIse thIs 
fact. However, estimated energy expenditure values, together wIth 
respIratory exchange ratIos at the end of exercIse, suggest that 
muscle glycogen stores are by no means fully depleted. This would 
indicate that the problems whIch runners encounter over the latter 
part of endurance races involve an inabIlIty to utIlIse the glycogen 
stores whIch remaIn. Costll1 et al (1973) reported that durIng a 30km 
race, muscle glycogen depletion occurred InItIally in Type 1 (slow 
tWItch) fIbres, with considerable amounts of glycogen remaInIng at 
exhaustion, especially in the Type 2 (fast tWItch) fIbres. Costll1 et 
al (1973) postulated a theory of 'selectIve fIbre recruitment' durIng 
endurance running, with exhaustIon related to attempts to use fast 
tWItch fibres. In the study reported In Chapter 4, where runnIng speed 
remained constant, there was eVIdence that running gait was changed, 
wIth subjects shortenIng theIr strIdes as exhaustIon approached. It is 
possIble that thIS reflected an attempt to utilIse different muscle 
groups or fibres. The same could be saId of the subjects In the 30km 
study, wIth decreases In runnIng speed over the latter stages agaIn 
being associated wIth changes In stride'length and running gaIt. 
It has been demonstrated that every gramme of stored muscle 
glycogen IS associated wIth between three and four grammes of water 
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(Olsson and Saltin, 1970). Th1S being the case, 1t has been suggested 
that one secondary effect of consum1ng high CHO d1ets 1S to help 
ma1nta1n flu1d balance and thermoregulat1on (MacLaren and Lanaghan, 
1983). Thus it 1S poss1ble that CHO r1ch d1ets may result 1n lower 
exercising core temperatures, smaller changes 1n plasma volume and 
body we1ght durlng exerc1se, and perhaps even reduced fluid intakes 
(Sharman, 1981). However none of the data from e1ther of the two 
stud1es supported this concept. Results from the runs to exhaust10n 
reported in Chapter 4 showed no tendency for core temperature values 
to be lower on Tr1al(2. Furthermore, ne1ther th1S or the 30km study 
provided eV1dence to suggest that plasma volume and weight changes or 
fluid intakes, were reduced after consum1ng h1gh CHO diets. 
In contrast to suggest10ns that CHO 10ad1ng may result 1n secondary 
benef1ts for athletes, 1t has also been suggested that the procedure 
may 1n fact carry inherent dangers, and poss1bly even be detr1mental 
towards performance (M1rk1n, 1973; Sharman, 1981). One of the main 
cr1t1cisms of high CHO d1ets 1S that they result in excesive ga1ns 1n 
we1ght. Following four days consum1ng a h1gh CHO d1et, Olsson and 
Saltin (1973) reported we1ght ga1ns of 2.4kg, largely as a result of 
1ntramuscular fluid storage. In the two present studles, the groups of 
subjects who consumed CHO d1ets all demonstrated sign1f1cant 1ncreases 
1n body we1ght, although the mean 1ncrease was only 0.6kg, and it is 
unl1kely that th1S would have any severe decrement on performance. 
Many subjects d1d report a feeling of 'heav1ness' 1n the legs at the 
start of exerc1se, but th1s d1m1n1shed as exerC1se progressed. 
The runs to exhaustlon at speeds equ1valent to 70% V02 max resulted 
1n cons1derable var1at1on 1n the run t1mes, or endurance capaclt1es, 
of 1nd1viduals. Although a h1gh V02 max value has ~een shown to be a 
good 1nd1cator of performance times 1n endurance races amongst 
subjects w1th a w1de range of runn1ng abilit1es (Foster et aI, 1978), 
the results from the present study suggested that V02 max was not a 
val1d indIcator of endurance capacity. Thus the assumption that the 
possess1on of h1gh V02 max values guarantees a good endurance cap?C1ty 
cannot be made. 
Slnce V02 max d1d not indicate endurance capac1ty, 1t was of 
1nterest to examine the posslb1l1ty that some other physiolog1cal 
characteristIC or response to endurance runn1ng may do so. For 
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example, the possibility that Individuals with the greatest rise In 
blood lactate concentrations during the first 15 minutes of runn1ng 
may have the smallest capacities for endurance was examined. The 
results dId not suggest that this was the case, and in fact of the 
variables measured, none could be found that was a reliable predictor 
of endurance capac1ty. It IS pOSSible that an Individual's current 
training status will be the best Indicator of endurance capacity, thus 
it is poss1ble that running velOCities eqUivalent to reference 
concentrations of blood lactate may prOVide a better Indicator of the 
length of tIme for Wh1Ch runners can sustain a glven relatIve exerC1se 
1ntensity. 
Despite the lack of any relationshIp between VDz max and endurance 
capacity In Chapter 4, a modest relationship was found between VDz max 
and 30km performance 1n the study reported In Chapter 5. Th1S IS to be 
expected, however, because running speed IS related an indiVidual's 
VDz max value, and since performance was assessed 1n terms of the time 
taken to complete the 30km distance. ThiS relationship was enhanced by 
the variatIon in the subjects' VDz max values, and supports the 
f1ndlngs of a number of preV10US studies (Foster et aI, 1977; Costll1 
et aI, 19731. It is pOSSible that If the range of VDz max values had 
been much narrower, then VDz max alone would not have been a sens1t1ve 
enough Indicator of endurance performance. Perhaps surpr1s1ngly, the 
best indicator of performance was stride length. It may be that stride 
length was merely a function of runn1ng speed, WIth faster runners 
haVing to take longer strides. However 1t IS also possible that those 
runners With longer strides are best eqUIpped to change their runn1ng 
ga1t towards the end of a race, which may enable the selective 
recruitment of muscle fibres still containing glycogen. 
It has been suggested that females may be better SUited to 
endurance running than males, due to the fact that females generally 
have higher percentages of body fat. However a compar1son of groups of 
male and female runners in Chapter 4 did not reveal any differences 1n 
the endurance capacities of the two groups. The fact that males and 
females had Similar R values whilst runn1ng at 707. VDz max did not 
indicate that females show any greater tendency to metabol1se fat 
during exerCise than males. 
Closer examination of the R values during both studies shows no 
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indicatIon of any sudden 'swItch' from CHQ to fat metabolIsm durIng 
the latter stages of exercIse. Most subjects demonstrated a strong 
dependence on CHQ In the InitIal stages of exercise, wIth the tendency 
beIng for a gradual shIft towards fat metabolIsm as exercIse 
progressed. However very few subjects had fInal R values below 0.85, a 
fIgure representIng equal contrIbutions from fat and CHQ to energy 
provIsion. ThIs was even the case over the latter stages of the 30km 
runs, despIte the fact that many subjects experienced large decreases 
In runnIng speed. 
SUMMARY 
A number of Important pOInts have arIsen from the studIes reported In 
thIs thesIs: 
1. The consumptIon of hIgh CHD diets prIor to exercIse results in an 
improvement In endurance runnIng capacIty. 
2. Although not as large as the improvements found in endurance 
capacity, hIgh CHQ dIets also appear to result In Improvements In 
endurance racIng performance. ThIS IS achIeved by the longer 
malntalnance of fast early runnIng speeds over the latter part of a 
race. 
3. Although hIgh CHQ dIets do not result in enhanced fluId balance and 
thermoregulatIon durIng exercise, the advantages to be gained In terms 
of performance would appear to outweigh any possIble dIsadvantages 
from gaIns in weIght. 
4. VQ2 max IS a poor indicator of endurance capacity, but is a better 
Indicator of endurance racIng performance. This is especIally true 
when the range of VQ2 max values wIthIn a group of subjects is large. 
5. There is no eVIdence to suggest that females are better suited to 
endurance running than males. No dIfferences were found in eIther the 
endurance capacItIes or fat metabolism between groups of males and 
females during exercise at the same relative exercise intenslties. 
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APPENDIX 1 
The aIm 
metabohc 
expenenced 
been made 
(Magazamk 
THE PHYSIOLOGICAL DEMANDS OF A TREADMILL MARATHON 
of thIS study was to InvestIgate the phYSIologIcal and 
demands of a marathon (26.2 mIles, 42.2 kml on an 
mIddle aged dIstance runner. A number of attempts have 
to 
et 
examIne marathon 
aI, 1974, Maron 
runners 
et aI, 
dunng 
1977l 
compehhve 
whi st others 
races 
have 
InvestIgated the responses to constant speed marathons run on a 
treadmIll (Hall et al 1983l. However for the purpose of thIS study, 
the subject ran on a treadmIll, but used the system descrIbed In the 
General Methods (Chapter 3) In an attempt to complete the dIstance in 
as fast a tIme as possIble, regulatIng the treadmIll speed accordIng 
to hIS own requirements. 
METHODS 
The subject was male, aged 46 and WIth a personal best tIme for the 
marathon of 156 mInutes. He was also a very experIenced dIstance 
runner, haVIng competed In over 50 marathons. The subject was fully 
faml 11 ansed wIth laboratory procedures and treadmIll runnIng, and 
prIor to the marathon completed tests to determIne both maXImum oxygen 
uptake and the blood lactate concentratIon and m:ygen consumptIon at 
selected submaximal runnIng speeds. The protocol used In these tests 
has been descrIbed In Chapter 3. In order to determIne blood lactate 
concentratIons at dl fferent runmng speeds, the sIxteen mInute 
submaxImal runnIng test descrIbed In Chapter 3 was performed, WIth 
samples of capillary blood being collected prIor to each increase In 
runni ng speed. 
For three days before the marathon, the subject ate a prescnbed 
normal dIet, uSIng the food exchange method descrIbed In Chapter 3. 
FollOWIng an overnIght fast, the subject reported to the laboratory 
where he was weIghed and restIng samples of capIllary blood were taken 
for the determInatIon of blood lactate and blood glucose 
concentrations. FollowIng a 5 mInute warm up perIod at a running speed 
equIvalent to 601. VO:z max, the subject then attempted to complete the 
dIstance In as fast a tIme as pOSSIble. CollectIons of expIred aIr and 
capillary blood were taken at 6km intervals throughout the run. 
Running speeds and dIstance covered were contInuously monItored 
throughout the marathon USIng the computer system descrIbed In the 
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General Methods. Water was provIded for the subJect at all times, 
agaIn in the manner described In Chapter 3. 
At 6km intervals, both breathing frequency and stride rate were 
monitored, using the chart recorder system developed In our laboratory 
and previously descrIbed in Chapter 3. 
RESULTS 
The subject was found to have a maxImum oxygen uptake of 62.0 ml. 
kg- 1 min- 1 , a maxImum heart rate of 188 b.mln- 1 and weighed 54.2 kg. 
The subJect·s blood lactate concentrations at dIfferent runnIng speeds 
were "determlne<;i andl. the running speeds eqUlvalent to blood lactate 
concentratIons of 2mM and 4 mM were 240.6 m.mln- 1 and 274.2 m.mln- 1 
respecti vel y. 
The subject completed the marathon in a tIme of 165.0 mlns (255.5 
m.mln- 1 ). This required an estimated energy expendIture of 8.9 MJ. The 
subject demonstrated considerable sIgns of fatIgue during the 
marathon, wIth running speeds slowing down towards the end of the run. 
Table At demonstrates the response of selected physiologIcal 
characterIstics as the marathon progressed. 
Table Al. Selected Ph:rSlolog1cal Res20nses to the TreadmIll Marathon. 
6km 12km 18km 24km 30km 36km 42km 
Speed (m.m1n- 1 ) 263.7 263.7 260.9 259.0 255.3 255.3 227.8 
VD" (ml.kg-1 min- 1 ) 47.9 50.6 49.3 50.7 51.1 49.7 42.2 
7. VD" max. 77.3 81.6 79.5 81.8 82.4 80.2 68.1 
VE n.min-1) 72.3 74.5 73.9 75.4 74.7 72.2 67.8 
7.VE max. 71.5 73.7 73.1 74.6 73.9 71.4 67.1 
R 0.979 0.928 0.944 0.910 0.894 0.861 0.790 
H. Rate (b.min-1) 172 173 172 173 175 178 163 
7-HR mall. 91.5 92.0 91.5 92.0 93.1 94.7 86.7 
Lactate (mM) 3.03 2.88 3.59 2.55 2.25 3.66 1.90 
GlUcose 6.11 6.77 5.84 4.41 3.74 3.27 2.63 
The runnIng speeds, ollygen uptakes and heart rates during the 
marathon are shown In Figures Al, A2,and A3 respectively. There was 
clearly a dramatic declIne In speed during the last 6km, whIch was 
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reflected 1n decreases 1n other phYS1010g1cal factors. However unt11 
th1S large decrease 1n runnn1ng speed, 1t can be seen that the slight 
reduct10ns 1n pace pr10r to the f1nal 6km had not been suff1c1ent to 
result in slm1lar reductions 1n heart rates, vent1lat10n rates or 
oxygen uptakes. In fact these three factors had shown a tendency to 
gradually 1ncrease, desp1te the Sllght decreases 1n runn1ng speed. 
From the start to the 30km pDlnt, the ;WO., max at Wh1Ch the subject 
was runn1ng 1ncreased from 77.3i. to 82.4i., despite runn1ng speeds 
slow1ng from 263.7 m.m1n- 1 to 255.3 m.m1n- 1 • 
Heart rates showed even more of a tendency to r1se, from 91.5i. HR 
max at 6km to almost 95i. HR max at 36km. 
Blood lactate concentrat10ns ranged between 2.25 mM and 3.66 mM for 
most of the marathon, decreas1ng to 1.90 mM at the end of the non. 
Hav1ng reached a fa1rly h1gh peak of 6.77 mM after 12km, blood 
glucose concentratIons then gradually decreased over the course of the 
marathon, reach1ng 2.63 mM after 42km. These results can be seen 1n 
F1gure A4. 
The resp1ratory exchange ratIos 1nd1cate that the contrIbut10n of 
CHO to energy expend1ture decl1ned throughout the run. However up 
until 36km, CHO was shll the major fuel source, w1th 54i. of energy 
com1ng from CHO and 46i. from fat. By 42km, the fat contr1but1on to 
energy expend1ture had 1ncreased to 72i. (compared to a contrIbut10n of 
only 6i. after 6kml. 
The subject drank a total of 92 mls of water dUring the run and 
lost 1.9 kg 1n we1ght. Th1S represents a we1ght loss of 2.9i. of 
pre-race body we1ght. 
DISCUSSION 
It 1S clear from th1s case study that the complehon of a marathon 
places extreme phYS10log1cal and metabol1c demands on the human body. 
The energy expend1ture of 8.9 MJ (2120 kcalsl represented over two 
th1rds of th1s subject's dally energy 1ntake, and it must be 
remembered that the metabol1c rate rema1ns elevated for cons1derable 
lengths of t1me after exerC1se of th1S nature. The mean vent1lat1on 
rate of 72.7 1.m1n-1 means that the total vent1lat10n dur1ng the 
marathon was approx1mately 12,040 11tres. The mean breath1ng frequency 
of the subject was 49 breaths per minute, thus resulting 1n a total of 
8085 breaths throughout the marathon. Th1S represents a mean t1dal 
volume of 1.49 lltres. The total volume of oxygen extracted by the 
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subject from inspired air waS 436 litres. This therefore means that 
there was a considerable through-flow of oxygen from the lungs to the 
working muscles. Given that the respiratory exchange ratio was 
slightly less than unity, this through-flow of oxygen will have been 
almost matched by a slightly smaller, but still large, out-flow of 
carbon dioxide from the muscles to the lungs. 
The subject's mean stride length was 1.275 m. This means that a 
total of approximately 33,100 strides were required to complete the 
distance (the mean stride rate therefore being 201 strides per 
minute). Cavagna et al (1964) have demonstrated that at running speeds 
approaching 250 m.mln- 1 , the vertical Impact force between the foot 
and the ground with each stride IS approximately 2.5 times greater 
than the runner's body weight. Since during this marathon each leg hit 
the ground 16,550 times, and the subject weighed 54.2kg, the total 
Impact absobed by each leg over the 26.2 miles would have been 
approximately 2,245,000 kg. The combined force absorbed by the lower 
body would therefore have been In the region of 4.5 million 
kilogrammes. 
Hence It IS clear from these results that the physical demands of 
completing a marathon are enormous. The respiratory muscles, and In 
particular the lntercostals, must experience a considerable amount of 
fatigue bearing In mind the high ventilatory demands which are placed 
upon them. 
Nevertheless, It IS the stresses and forces produced and absorbed 
by the legs which most emphasise the demands of the marathon. When It 
is considered that many top class distance runners cover In eXcess of 
100 miles a week In training, It is perhaps not surprising that 
serious lower 11mb and back Injuries are not uncommon. 
The mean relative exercise Intensity sustained by this subject was 
78.7 %V02 max. This confirms the findings of Wllllams et al (1985) who 
reported that elite marathon runners complete the distance at exercise 
intensltles equivalent to 80% V02 max. It also supports the findings 
of Costlll and Wlnrow (1970), who claimed that younger less 
experienced runners can only sustain between 65% and 75% V02 max 
during marathons, compared to the 75% to 85% V02 max which can be 
sustained their older more experienced counterparts. It is important 
to note however, that running economy deteriorated over the latter 
part of the race, thus the oxygen uptakes were higher than the running 
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speeds may otherwise have Indicated. The reasons for this are likely 
to be due to either a loss of runmng efficiency as certain muscle 
groups and muscle fibres become depleted of muscle glycogen, or 
alternatively because of the extra oxygen required to metabolise fat 
as opposed to CHD. Since the deterioration In running economy occurred 
before the R values Indicated any large scale shift towards fat 
metabolism, It is more likely that the former, rather than the latter 
possibility was behind the high oxygen uptake values. This decline In 
running economy, plus the need to malntaln the body's thermal 
equilibrium, will also account for the rise In ventilation and heart 
rates. 
Apart from the last 6km, the blood lactate concentrations were 
between 2.2 and 3.5 mM. Costlll and Fox (1969) found blood lactate 
concentrations of 2 mM In runners at the end of a marathon. Although 
the subject In this study had a blood lactate concentration of 1.9 mM 
at the end of the run, this was clearly not an accurate reflectlon of 
his blood lactate concentrations during the majority of the 26.2 
miles. 
Dne of the characteristics of top class marathon runners is that 
they are able to run at hlgh percentages of their V02 maX before large 
Increases In blood lactate concentrations develop (SJodin and Jacobs, 
1981). This particular subject was able to sustain 707. VD2 max before 
blood lactate concentrations rose above 2 mM, and 82% VD 2 max before 
they rose above 4 mM. Based on the results of the preliminary tests, 
the mean runnlng speed for the marathon represented 106% of the 
running velocity where blood lactate concentrations were 2 mM (V2mM), 
and 937. of the runmng velocity where blood lactate concentrations 
were 4 mM (V4mM). It has recently been suggested that V2mM may provide 
a useful reference pOint for description of the training status of the 
athlete, and also may be a useful guide to marathon performance 
(Sjodln and Jacobs, 1981>. WIlhams et al (1984) found that the 
marathon race pace of a group of elite runners corresponded to 100% 
V2mM, compared to 89% V2mM sustained by a group of recreational 
runners during a marathon. 
After an Initial Increase, the blood glucose concentrations were 
found to decllne steadily throughout the run, and were approaching 
levels below which the subject would have been considered 
hypoglycemlc. These results, together with the reduction in runnlng 
speed and R values, indicate that the subject had depleted both muscle 
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and 11ver glycogen stores by the end of the run. 
Despite the subject's low flu1d intake of 92 mls, the we1ght loss 
of only 2.97. does not suggest any severe dehydration. Th1s fluid 
1ntake value 1S well below that of 420 mls recorded by Pugh (1967) and 
that of 1453 mls recorded by Maron et al (1976), dur1ng outdoor 
marathons. 
CONCLUSIONS 
The opportun1ty of closely monitor1ng a marathon, run as a t1me 
trial by an exper1enced athlete, has provided a unique opportun1ty to 
investigate the phYS1ological and metabol1c demands of a marathon 
race. It 1S clear from the results that these demands are severe, 
requ1ring h1gh exerC1se 1ntensities and h1gh rates of energy 
expend1ture to be sustained for long periods of t1me. To a certa1n 
extent, these results help emphas1se the lmportance of adequate 
recovery and rest as an lntegral part of the endurance runner's 
tralnlng schedule. 
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APPENDIX 2. Lactic Acid Assay. 
The method used was an adaptatIon of that descrIbed by Olsen 
(1971). It IS dependent on the release of NADH by the follOWIng 
reactIon, whIch is measured by its natIve fluorescence: 
Lactate + NADo+ LDH, Pyruvate & NADH 
DEPROTEINIZATION 
25}'1 of blood was deprotelnized by adding It to 25~1 of perchlorlc 
aCId. It was then mIxed thoroughly, centrIfuged and store at -20o C 
before analysis. 
SOLUTIONS 
Perchlorlc ACId: 2.5'l. w/v 
Hydrazine buffer (1.1 M, pH 9.0): 1.3g hydrazlne sulphate, 5.0g 
hydra=ine hydrate and 0.2g disodlum ethylenedIamInetetraacetIc acid 
(EDTA) in 100ml distIlled water. 
ReactIon MIxture: Prepared ImmedIately prior to use: 2mg NAD+ and 
1~1 LDH per ml of hydrazlne buffer. 
STANDARDS 
These were made from 1.0 M SodIum L-Iactate stock solutIon. 
PROCEDURE 
1. Samples were removed from the freezer and allowed to thaw at 
room temperature. 
2. Samples were then mIxed thoroughly and centrIfuged. 
3. 2~1 of eIther the supernatant or standard was then transferred 
to a clean test tube, whereupon 25~1 of reactIon mixture was added. 
4. Tubes were mixed and allowed to incubate for 30 mInutes. 
5. 1 ml of dIluent was then added to the tubes. The samples were 
then read agaInst the standards and the blank WIth a Perkin Elmer 
Fluorimeter. 
6. The blank was subtracted from the sample and standard readIngs, 
and the lactate concentration of each sample was calculated from the 
sample curve. 
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APPENDIX 3 Glucose Assay 
A colourimetric method was used, based on the tollowlng prIncIples: 
Glucose + O2 + HzOz ~OD~ Gluconate + H2 0 
H2 0 + ABTS ~OD. Coloured complex + H2 0 
SOLUTIONS· 
Phosphate butter: 100 mmol/l, pH 7.0 
POD: > O.B U/ml 
GOD: > 10.0 U/ml 
ABTS: 1.0 mg/ml 
STANDARD· 
A 0.505 mmol/l standard was used. 
• A Boehringer MannheIm dIagnostIc kIt was used tor the solutions 
and standards ot thIS assay. 
DEPROTEINIZATION 
Blood was deproteinlzed in the same manner as that used in the 
lactate assay. 
PROCEDURE 
1. The samples, standards and reactIon mIxture were removed trom 
the treezer and allowed to warm at room temperature tor at least one 
hour. 
2. The samples were then mIxed thoroughly and centrItuged. 
3. 20)Ul ot standard and supernatant (Reactlon mixture tor blank) 
was placed in a test tube wIth 1 ml ot reactIon mixture and mlxed 
well. 
4. The tubes were then allowed to Incubate tor 20 mlnutes. 
5. An Eppendort photometer was then used to measure the absorbance 
ot the standards and samples at Hg 436 nm In a cuvette ot 1 cm lIght 
path. 
6. The glucose concentratIon (mmol/l) In the samples was calculated 
In the tollowing way: 
c = 5.5 x A sample 
A standard 
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APPENDIX 4 Free Fatty ACid Assay 
FFA were analysed by a modification of a photometric, colourlmetric 
assay (Chromy et al 1977). 
SOLUTIONS 
Extraction solvent (CHM): 280 ml chloroform 
210 ml n-heptane 
10 ml methanol 
Stable copper reagent: 1.878g sodium citrate 
16.775g trlethanolamine 
8.125g copper nitrate 
62.5g sodlum chloride 
Made up to 250 ml with distilled water. 
TAC: 10 mg 2-thlozolyla:o-p-cresol In 100 ml ethanol 
STANDARDS 
From a 4mM stock solutlon and CHM of palmitic aCld, 0.2mM, 0.4mM, 
0.8mM and 1.0mM standards were made. These were kept refrigerated In 
glass bottles with plastic screw caps stable to CHM untll needed. 
PROCEDURE 
1. 10~1 of standard or plasma (CHM for blank) was added to 3ml CHM 
In aCid washed screw capped glass tubes. 
2. 1 ml of stable copper reagent was added. 
3. The tubes were shaken vigorously for 6 mlnutes and centrifuged 
at 6000 rpm in a Koolspln centrlfuge for 5 mlnutes. 
4. 1 ml of the upper phase was transferred to a tube contalnlng 
0.25 ml of TAC and the resultlng solution was mixed well. 
5. Standards and samples were read In an Eppendorf photometer In a 
cuvette of 1 cm light path at Hg 578 nm. 
The concentratlon of FFA in the samples was determined from the 
standard curve. 
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APPENDIX 5 Glycerol Assay 
A fluorometrlc assay was used, modIfIed from that described by 
Laurell and Tlbllng (1966). ThIs was based on the followIng reactions: 
Glycerol + ATP ~ Glycerol-1-Phosphate + ADP 
Glycerol-1-Phosphate + NAD+ ~DH. Dihydroxyacetone Phosphate + NADH 
The dlhydroxyacetone phosphate produced is trapped by hydrazlne, 
and the amount of NADH formrd is determIned by measurement of Its 
native fluorescence. 
SOLUTIONS 
Zinc sulphate: 0.087M 
Barium Hydroxide: 0.083M 
Hydrazlne HCl buffer: 1M reagent grade with 1.5mM MgCl 2 adjusted to 
pH 9.4 with HCl. 
Diluent: 0.01M NaOH with lmM EDTA 
Glycerokinase: 1 mg/ml (Boehrlnger Blochemica) 
Reaction Mixture: Per 5 ml reaction mixture: 3.5 ml Hydrazlne HCl 
buffer, 1.5 ml distilled water, 6 mg ATP, 10 mg NAD, 12.1 mg cysteine, 
5pl glyceroklnase and 25)ll of glycerin 3 phosphate dehydrogenase. 
STANDARDS 
From a 0.4 mM stock solution, 20%, 40%, 60%, 80% and 100% standards 
were made uSing distilled water. 
DEPROTEINIZATION 
0.1 ml of plasma or standard (distilled water as blank) was 
transferred to a small centrifuge tube containing 0.5- ml of Zinc 
sulphate. The resulting solution was then mixed and chilled. Next 0.5 
ml of barium hydroxide was added and the solutions allowed to stand 
• 
for 5 minutes. They were then centrifuged at 12000 rpm for 2 minutes. 
PROCEDURE 
1. 0.1 ml of reaction mixture and 0.2 ml of supernatent were 
transferred to a test tube and mixed. 
2. The tubes were capped and left to stand for 60 minutes. 
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3. 1 ml of dIluent was added and the samples and standards were 
read in a Lochart fluorimeter. After subtracting the blank from the 
readings of the standards and samples, the concentration of glycerol 
in the samples was calculated from the standard curve. 
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APPENDIX 6 Haemoglob1n Assay 
A cyamethaemoglobin method was used (Van Kanipen, 1961). This is a 
colourimetr1c method based 0 the follow1ng pr1nciple: 
Haemoglob1n + cyanide + ferrlcyan1de ---) cyanmethaemoglobin. 
SOLUTIONS 
*Drabkins Reagent: 
1.63 mmol/l phosphate buffer. 
0.75 mmol/l potassium cyanlde. 
0.60 mmol/l potasslum ferr1cyanlde. 
51. detergent 
All dlssolved in 1000 ml of redistilled water. 
* A Boehr1nger Manhelm dlagnost1c klt was used to produce the 
reactlon mlxture for thlS assay. 
PROCEDURE 
1. 2~II of blood was added to 5000ul of Drabklns reagent and mlxed 
well to avo1d clumping of the erythrocytes. 
2. The Solutlon was allowed to lncubate at room temperature for at 
least 3 minutes, but not longer than 24 hours. 
3. The absorbance (A) of the samples was measured with an Eppendorf 
photometer at Hq 546 nm 1n a cuvette w1th a 1 cm llght path aga1nst a 
blank of dlstllled water. 
4. Haemoglobin concentratlon (c) of the samples was calculated 
uSlng the follow1ng equatl0n: 
c = 36.77 x A (g/100ml) 
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